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i i 
The response of cucumber(Cucumis sativus L.) plants to 
various root and shoot environments(solution depth, 
temperature, ionic strength, nitrogen and calcium level and 
light intensity) were studied. Cucumber plants were grown in 
continuously circulating-solution in a heated-glasshouse. Dry 
weights of leaves, stems and roots, leaf area, leaf number, 
root length and root number were measured as well as uptake of 
potassium, calcium and nitrogen. The relationship between 
shoot and root in terms of functional equilibrium equations 
was also examined. The results presented show that; 
. , 
1. Shoot growth of cucumber plants was reduced if grown in 
solutions of less than 50mm in depth. 
2. When roots were grown in shallow solution depths at 1 or 
5mm the dry weight allocated to the root increased. The ratio 
of root number/root length(no./cm) also increased. Lowering 
solution temperature to 12.5±2.5'C enhanced the production of 
root number relctive to root length, and 5 and 2% of full 
strength and 5% of full strength nitrogen level solution 
stimulated the growth of root l~ngth relative to root number. 
3. Under low solution temperature treatment leaf number was 
maintained at the expense of leaf area. Under low. total ionic 
strength and low nitrogen solution, enhanced root length 
growth was at the expense of leaf area growth. 
iii 
4. Low solution temperature enhanced the dry weight allocated 
to the stem relative to the leaf. Low total ionic strength 
and low nitrogen solution increased the dry weight allocated 
to the leaf relative to the stem. 
5. The specific activity of root, 
absorption rate, increased when 
stress and, the specific activity 
represented by specific 
the shoot was under light 
of shoot, represented by 
when the root was under unit shoot rate, increased 
nitrogen-stress. 
6. The form of equation developed by Thornley(~M = fm~W, 
where ~M is the increment in weight of element M and ~W the 
increment in total plant dry weight during a time period ~t 
with fm a constant) showed a better relationship than the 
equation developed by Davidson[root mass x rate(absorption) a 
leaf mass x rate(photosynthesis)J and subsequently used by 
Hunt in the form of mass ratio(root/shoot) a l/activity ratio. 
7. The equation developed by Chung et al, 
total plant weight/(leaf number/leaf area) a total "k"/(root 
number/root length), 
where k represents the total contents of elements or 
compounds, showed a good approximation of the relationship 
between shoot and root under all the environmental stresses 
imposed with the exception of calcium uptake. 
The results support the concept that the activity of the root 
or shoot in carrying out its function is influenced by the 
demand created by the opposite organ and appears to be a 
better assumption than that which proposes that the activity 
of an organ is solely dependent on its own size. 
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CHAPTER 1 
GENERAL INTRODUCTION 
The ability of plants to adapt to unfavourable 
environmental stresses is vital for their survival. Of the 
expressions describing the degree of adaptibility of plants to 
various soil and atmospheric environments the most convenient 
and frequently used is the ratio of shoot to root 
weight(Boote, 1977; Ledig and Perry, 1965). The general 
consensus is that a higher proportion of dry weight is 
allocated to the part of the plant whose function is under 
stress. This type of response can be readily and directly 
seen by artificial manipulation of shoot and root systems such 
as root pruning(Andrews and Newman, 1968; Cooper, 1971; 
McDavid et al, 1973), the effects of defoliation on root 
establishment of grasses and clovers(Evans, 1977) in response 
to frequent animal grazing(Harradine and Whalley, 1981) and 
the effects of drought on plants grown in arid land 
zones(Hodgkinson and Baas Becking, 1978). Such an 
inter-dependence or competition between shoot and root implies 
that their functions can not really be separated when studying 
growth of the whole plant system(Russell, 1977). Moreover, it 
is clear that hormones produced both in the shoot and root may 
take part in the coordination of shoot and root 
function(Clarkson and Gerloff, 1979; Vaadia and Ita;, 1969) • 
. Davidson(1969a, 1969b) proposed an equation(see page 16, 
equation 3.1), resulting in the proposition that the 
partitioning of photosynthate is controlled in inverse 
proportion by the relative rates of photosynthesis of the 
leaves and the absorption of water and nutrients by the roots. 
His reasoning is that externally induced reduction in the 
specific activities of root or shoot function would tend to be 
compensated by increases in the mass of the same component in 
order to maintain its total activity. This hypothesis is 
supported by others(Charles-Edwards, 1976, 1982; Cooper and 
Thornley, 1976; Hunt, 1975, 1976; Hunt and Burnett, 1973; 
Hunt et al, 1975; Richards, 1977, 1978, 1981; Richards et 
2 
al, 1979b; Thornley, 1972, 1976) although different authors 
have derived their evidence based on either mechanistic or 
empirical modelling approaches. All have accepted that an 
equilibrium ~xists between the shoot and root functions. 
The equation proposed by Davidson(1969a, 1969b) and 
subsequently used by Hunt(1975) is analogous to the 
source-sink relationship equation proposed by 
Warren-Wilson(1972, see page 18, equation 3.4). What 
Davidson's equation essentially proposes is that source 
strengths of shoot and root are proportional to each other. 
Lack of universal acceptance of the Davidson's(1969a, 
1969b) equation describing the relationship between shoot and 
root function results from the following. 
1. The shoot/root ratio is based on the weight, i.e. 
functional sizes are represented by the dry weights of each 
organ, and completely ignore any possible contribution of 
morphological and anatomical aspects of shoot and root, which 
may affect the efficiency of functions. 
2. Davidson's(1969a, 1969b) equation assumes that ion uptake 
is a function of the ion concentration in the external 
solution and never exceeds the maximum affinity represented by 
the Michaelis-Menten constant. Therefore, the concept of 
metabolic demand in one organ being the "driving force" of 
function in the opposite organ as suggested by Nye and 
Tinker(1969) is not considered in the concept of the 
functional equilibrium equation between shoot and root. 
3. There have been serious arguments between~ mechanistic and 
empirical modellers(see page 22-23) on the ways of expressing 
the equations. However, no one has really looked into the 
biological significance of the equations under a wide range of 
environmental stresses. 
The series of experiments reported in this thesis was 
designed to test the validity of existing equations on the 
functional equilibrium between shoot and root, including the 
empirical equation(see page 21, equation 3.5) proposed by 
Chung et al(1982). Furthermore, the ways in which the demand 
concept may be included in the equilibrium equation were also 
sought. 
3 
Since all the experiments were designed to test the 
validity of three existing equations, this thesis is arranged 
in such a way that all the materials and methods used are 
described in Chapter 2, followed by the detailed discussion of 
results of five experiments using equations 3.2, 3.3 and 3.5 
in Chapter 3. Chapter 4 is primarily concerned with using all 
the experimental data excluding that from Expt. 1 to derive 
equations in which the implication of feedback mechanisms 
between shoot .and root are included. Most of the general 
discussion is devoted to discussing the agronomic implication 
of the results. 
CHAPTER 2 
MATERIALS AND METHODS 
2.1. Experimental design and nutrient 
solution-circulating system 
4 
Cucumber(Cucumis sativus L., CV Special Hybrid No.2) was 
used throughout the series of experiments as experimental 
material. In all experiments, growth was restricted to the 
vegetative form by removing female flowers as they appeared. 
The plant growing system was set up in a 
temperature-controlled glasshouse(18·C and 30·C) as shown in 
Plate 2.1 and Fig. 2.1. Nutrient solution(Cooper, 1975, see 
solution formulation on page 7) was continuously circulated by 
a submersible pump inside the header tank. Black polythene 
pipe(5cm diameter) was laid on the ground as a main delivery 
system into which lateral pipes(I.4cm diameter) were 
connected. Plastic fittings were used to connect the laterals 
to each pot. There were 20 pots in each row, totalling 40 
pots in each closed system. Spacing within and between a row 
was 60cm by 90cm. The capacity of each pot was approximately 
4.5 litres, and there was 250 litres of solution in each 
closed system. Supplementary lighting was not provided but 
air movement was facilitated by air heating and ventilation. 
Seeds were sown in plastic trays in sand and kept in the 
glasshouse under mist with bottomheat(24±2·C). Seedlings 
were fed with a commercial liquid feed solution(Lush). When 
the cotyledons were fully expanded, the seedlings were 
transferred to the individual lidded pots. Plants were held 
in position by polystyrene that covered the hole in the lid. 
Further aerial support to growing plants was given by string 
runners where necessary. 
aeration of each pot. 
Oxygen was supplied by continuous 
It was essential to maintain a continuous solution depth 
of 1mm and 5mm for Expts. 1, 3 and 4. A simple levelling 
device was used in controlling the water inlet, which proved 
satisfactory. Water lost by evapotranspiration was 
Plate 2.1 Nutrient solution -circulating system used in 
the glasshouse. 
5 
5.T, I ~ ~ ~ Jl H.T. fll H.T. ,1; H.T. 
~ ~
T.W. 
i 1 T 1 
~ 
i ~ i .'! 1 1 
~ 
Fig. 2.1 Diagram indicating the layout of the nutrient solution-circulating 
system. 
T.W.: tap water; S.T.: storage tank for water; p: submersible pump; 
H.T.: header tank; b.c.: ball-cock controlling water inlet; 
c: container for individual plant. 
(Arrows indicate the flow of water and nutrient solution). (j) 
7 
replaced by an automatic metering system, shown in Fig. 2.2. 
As the water level dropped, the float of the ball cock on the 
surface of the solution in the header tank also dropped and 
opened a valve. It was found that the solution level in each 
pot was sensitive and constant in response to the height of 
the ball cock. Solution depth control was achieved by 
adjustable stainless steel mesh trays that fitted in each pot 
and were levelled by threaded aluminium rods. Using this 
system it was possible to maintain constant solution depths, 
as shallow as 1mm. 
Basic nutrient solution composition used was the Cooper's 
solution shown in Table 2.1 below. 
Table 2.1. Composition of nutrient solution 
ppm 
117(N), 
254(K) , 
49(Mg) 
62(P) , 
5.6(Fe) 
2.2(Mn) 
O.32(B) 
O.065(Cu) 
O.007(Mo) 
23(P} 
168(Ca} 
91(N} 
78(K) 
! 
! 
tap water 
inlet 
solution 
1 eve 1 
nutrient 
~ solution 
inlet 
P ,--_.-1---)- nutrient 
solution 
outlet 
"Fig. 2.2 Diagram indicating the control of water 
levels in the header tank. 
(B.C.: ball-cock; P:submersiblepump). 
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The pH of the solution was maintained within the range of 
6.0-6.5. Conductivity of the solution was monitored 
throughout the experiment and more nutrients were added from 
the basic solution whenever necessary. In general, a new 
solution was made up at weekly intervals to avoid the 
excessive depletion of any particular ion. 
2.2. Measurement of shoot and root morphology 
2.2.1. Measurement of shoot morphology 
Except in Expts. 1 and 3, all the lateral shoots were 
left to grow. The small axillary buds that were visibly 
identifiable were also included when determining leaf number. 
Leaf area was measured using a Licor model 3100 area 
meter. Dry weights of leaf and stem were measured after 
drying at 80 l C for 24 hours and cooling in a desiccator. 
2.2.2. Measurement of root morphology 
2.2.2.1. Preparation of root sample 
As measuring the root morphology was time-consuming, it 
became necessary to store the roots temporarily for subsequent 
measurement. Immediately after harvesting the roots, they 
were placed in a cooler at 2 1 C. Dry weight measurement showed 
no degeneration of the samples when stored for up to one week. 
Generally the root systems were so large that it was 
necessary to use a subsampling method. This was done 
according to the technique used by Goubran and Richards(1979). 
The total root system was first cut into small pieces using 
scissors. A proportion was then transferred to a house-hold 
blender with a capacity of 1 litre. Samples were cut into 
about 5mm lengths by using a blender to cut and mix the roots. 
The time required for this operation varied from 3-4 seconds 
for thin roots to about 10 seconds for thick roots. The root 
sample was then transferred and spread evenly over the base of 
a water-filled galvanized iron tray(400 x 250 x 100mm) which 
had poly-vinyl foam on the bottom covered with cotton cloth. 
Reusable cotton cloth was found?to be more satisfactory than 
blotting paper. The water was removed by suction through 
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holes in a regular pattern in the bottom of the tray beneath 
the foam. Suction was provided by a water pump. After 
removal of the water the cloth, over which the roots were 
evenly spread, was placed on a graduated sheet marked with 50 
equal rectangles. This graduated sheet formed the upper side 
of a light box. Three sample lots randomly selected of 10% 
from entire root sample was taken as recommended by Goubran 
and Richards(1979); one of each for measurement of root dry 
weight, root length and root number, respectively. Root 
length and dry weight was measured immediately whereas the 
sub-samples used for counting the root number were stored in a 
5% formalin solution for measurement at later date. 
2.2.2.2. Measurement of root length and root number 
A modification of Newman ' s(1966) method adapted by 
Evans(1970) and Goubran and Richards(1979) was used to 
determine the root length and root number. Since cucumber 
roots were mostly very fine, the thick(>2mm in diameter) and 
suberized root were not separated. The 10% sub-sample was 
spread evenly on the cotton cloth and the water was removed by 
a tap aspirator as described earlier. The cotton cloth with 
roots was laid down on a sheet of plastic etched with 1cm grid 
lines illuminated from beneath. All intersections of roots 
and grid lines were counted on vertical and horizontal axis, 
and the final root length was estimated by following formula, 
R=~N/2 
where N is the average number of intersection on the vertical 
and .horizontal axis. This grid method was used until Expt.4 
after which a root length scanner(Comair) described by 
Richards et al (1979a) became available and was used for Expts. 
5 and 6. 
The number of roots was estimated by counting the number 
of branches. A single unbranched root has a single apex. If 
it produces one lateral, then it has two roots. If there are 
R roots with grand total of N branches, the total number of 
root is R+N(Evans, 1970). 
1 1 
2.3. Chemical analysis of plant samples 
One hundred mg of oven-dried leaf and root material(80'c, 
24hrs) was ignited in a crucible in a muffle furnace at 500'C 
until completely ashed. After cooling, 2ml ofl:l HCl 
solution was added to each crucible. The digests were diluted 
to 25ml with distilled water. The diluted digest was analysed 
for K and Ca by atomic absorption spectrometry. 
One hundred mg sample of oven-dried material(80'C, 24 
hrs) for nitrogen analysis was digested in concentrated 
sulphuric acid using potassium sulphate, copper sulphate and 
selenium powder(10:1:0.1 mixture) catalysts by the normal 
Kjeldahl technique. The digest was diluted to SOml with 
distilled water. A lSml aliquot was steam distilled in a 
Markham still in the normal manner, the distillate being 
collected in 10ml of boric acid containing Brown Cresol 
Green/Methyl Red mixed indicator, and titrated with O.OlN 
sulphuric acid. 
2.4. The use of Richards function in curve-fitting 
In recent years considerable attention has been given to 
the so-called functional approach as opposed to classical 
growth analysis. A mathematical function is used to fit the 
data and derive the various growth quantities such as relative 
growth rate and unit leaf rate(=net assimilation rate). There 
are advantages in using functional growth analysis as set out 
by Causton and Venus(1981) and Hunt(1979). Notably, fitted 
mathematical functions provide a convenient summary of the 
data and overcome problems in pairing of plants across harvest 
intervals as done in the case of classical analysis. 
Furthermore, if the function employed is based on some 
biologically useful concepts, then one may infer the 
significance of constants obtained for different species or 
different treatments on the same species(Causton et al, 1978), 
There have been a few methodological approaches using fitted 
functions(See Hunt, 1982 for various functions used). Among 
them particular attention has been given to the Richards(1959) 
function by Causton and Venus(1981) and others(Dennett et al, 
1979; Venus and Causton, 1979). 
The Richards function is desGribed as 
1 
W=A(l±e(b-kt))-n ---------2.1 
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where W is the value of a growth attribute at time t, A and k 
are positive constants, and b is the constant of integration. 
The constant A gives the asymptotic maximum size of the 
growing system concerned and n defines the shape of the curve. 
A FORTRAN program to fit Richards function developed by 
Causton(1969), and kindly supplied by him, was used throughout 
for curve-fitting. This program carries out the fitting of 
the Richards function to leaf, stem, root dry weight and leaf 
area and whole plant growth analysis using the fitted 
functions. Various parameters such as leaf weight ratio(LWR), 
stem weight ratio(SWR), root weight ratio(RWR) and leaf area 
ratio(LAR) are calculated as well as specific leaf area(SLA) 
and unit leaf rate(ULR). In addition, shoot/root ratio, root 
number/root length ratio, specific absorption rate(SAR) and 
unit shoot rate(USR), root length/leaf area ratio and root 
number/leaf number ratio were also calculated by fitting the 
Richards function. Since the Richards function contains 4 
parameters, it is impossible to fit the data with fewer than 5 
harvests as Causton et al(1978) described. Therefore, the 
results of Expts. 3 and 4 where there were only 3 harvests 
are presented with standard error of mean values at each 
harvest. For the Expts. 1, 2 and 5 where there were 4 
harvests, the measurement made at the beginning of treatments 
was included as first harvest. 
2.5. Experiments 
2.5.1. Expt. 1. Effect of depth of solution 
Seedlings grown in sand were transferred to pots 
containing full strength Cooper ' s(1975) solution. Treatments 
were imposed one week after transplanting when seedling growth 
was established. This technique was also applied th~oughout 
all the experiments. Solution depths of 1, 5, 50, 
170mm(control treatment, full depth of pot) were achieved by 
stainless steel mesh trays as described earlier. Solution 
depths were randomly allocated in each closed system 
containing full strength of Cooper ' s(1975) solution. Plants 
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were harvested 4 times at weekly intervals. At each harvest, 
7 plants for each depth treatment were randomly chosen for 
measurements of shoot and root weight and morphology. 
2.5.2. Expt. 2. Effect of solution temperature 
The size of the closed system was reduced from 40 to 20 
pots to avoid the temperature changes within the 
circulating-solution. Solution temperature of 12.5±2.5 I C was 
achieved by immersing a refrigeration unit in the header tank 
connected to a thermostat. A heating element with a 
thermostat switch was used to raise the solution temperature 
to 32.5±2.5 I C. All the pots were insulated with polystyrene. 
The temperature differential along each row was no more than 
±0.5 I C. All treatments received full strength Cooperls 
solution. Because of poor plant growth due to low solution 
temperature, plants grown at 12.5±2.5 I c were harvested 4 times 
at weekly intervals, with 4 replicates at each harvest whereas 
plants grown at 32.5±2.5 I C were harvested 7 times at half 
weekly intervals with 3 replicates. As well as shoot and root 
weight and morphology, K, Ca and N content of leaves and roots 
were analysed according to the method described in Section 
2.3. 
2.5.3. Expt. 3. Effect of solution temperature and 
depth 
The same method adovted in Expts. 1 and 2 was used in 
this experiment to control solution depths and temperatures. 
Treatments imposed were 12.5±2.5 I C, 22.5±2.5 I C and 32.5±2.5 I C 
for temperature treatment and 5mm and 50mm for depth 
treatments. Each header tank was allocated a temperature 
level, feeding 36(+4 spare) plants. Solution depths were 
allocated completely randomly. At three harvest dates, and at 
three week intervals, 6 plants from each temperature and depth 
treatment were randomly chosen for harvesting. Shoot and root 
weight, morphology and the content of K and Ca in the leaves 
were measured. 
2.5.4. Expt. 4. Effect of solution ionic strength, 
depth and volume 
14 
3 Solu~ion depths and v§lumes respectively of 1mm(19.6cm ), 
5cm(980cm) and 5cm(19.6cm ) were controlled by container size 
and adjustable stainless steel mesh trays. Three nutrient 
solutions were used; 5 % and 2% of full strength nutrient 
solution(Cooper, 1975) plus full strength as a control. Each 
header tank was allocated a nutrient solution ionic strength, 
and solution depths and volumes were randomly allocated within 
the closed system. At 3 harvest dates at 3 week intervals, 4 
plants at each depth and volume treatment were randomly 
harvested. Total content of K and Ca as well as shoot and 
root dry weight and morphology were measured. 
2.5.5. Expt. 5. Effect of solution ionic strength 
and light intensity 
Full strength and 5% nutrient solution(Cooper, 1975) were 
used as main treatments. In each block, Sarlon shade cloth 
was used to achieve an environment of either 50% or 10% of 
natural light. Since there was a huge difference in plant 
growth depending on the different ionic strengths and light 
intensities, it was necessary to harvest the plants at 
differing intervals. Plants treated with full and 50% of full 
light and full strength solution were therefore harvested 7 
times at random, twice a week with 3 replicates whereas the 
remaining treatments were harvested at random 4 times, once a 
week with 4 replicates. 
l~ 
2.5.6. Expt. 6. Effect of nitrogen and calcium level 
A modification of Cooper ' s(1975) nutrient solution was 
used to achieve different levels of nitrogen and calcium. The 
same amount of nitrogen and calcium content in Cooper ' s(1975) 
solution was replaced with ammonium nitrate and calcium 
chloride to achieve the concentration of 5% of full strength 
nitrogen and calcium level respectively. The remalnlng 
elements were the same as the Cooper ' s(1975) solution shown in 
Table 2.1. Each header tank was allocated a full strength, 
low-nitrogen ~nd low-calcium solution. At the 5 harvest dates 
at one week intervals, 8 plants were randomly chosen for 
measurement of shoot and root weights, morphology and K, Ca 
and N content in the plants. 
CHAPTER 3 
EQUATIONS FOR THE FUNCTIONAL EQUILIBRIUM 
RELATIONSHIP BETWEEN SHOOT AND ROOT 
3.1. Introduction 
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A functional equilibrium relationship between shoot and 
root has been recognized by a number of researchers. The 
rationale for this functional balance is that the shoot/root 
ratio is sensitive to the ratio of nitrogen uptake(root 
activity) and carbohydrate synthesis (shoot 
activity)(Troughton, 1960). This relationship has been 
quantified by Davidson (1969a, 1969b) on the basis that the 
partitioning of photosynthate is controlled by the relative 
rates of photosynthesis and root absorption, in inverse 
proportion, which gives the equation 
root mass x rate(absorption)a leaf mass x 
rate(photosynthesis)-------------------------3.1 
This quantified relationship has been successfully 
several authors (Hunt, 1975; Hunt and Burnett, 1973; 
al, 1975) in the form; 
mass ratio aI/activity ratio----------------3.2 
used by 
Hunt et 
where mass ratio is the ratio of root to shoot dry weight and 
the activity ratio is the ratio of specific absorption 
rate(SAR) to the unit shoot rate(USR). The units used in the 
present studies are gig for mass ratio and (g/g/day)/(g/g/day) 
for activity ratio, respectively. This inter-dependence of 
shoot and root activities has been deduced from experiments 
where var(ous stresses were imposed on the shoot and/or root. 
Hunt and Burnett(1973) concluded that perennial 
ryegrass(Lolium ~~enne L.) treated with different light 
intensities and potassium levels showed complementary changes 
in the mass ratio and activity ratio, which could be expressed 
by a single line relationship. Hunt(1975) also showed that 
perennial ryegrass maintained a functional balance with 
differing"nitrogen levels and light intensities. 
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Raper et al (1978) proposed a model in which a balanced 
inter-dependence between shoot function(carbohydrate supply) 
and root function(nitrogen supply) of tobacco(Nicotiana 
tab~~~ L.) exists, based on their data which showed that 
nitrogen uptake is not solely dependent on root volume or root 
length, but on carbohydrate supply from the shoot as well. 
This integrated plant response was also shown by Rufty et 
al (1981) in experiments where they showed that root 
temperature stress was mediated by carbohydrate flux to the 
root and nitrogen flux to the shoot. Thornley(1972, 1976), 
constructing mechanistic models based on partitioning of two 
substrates(carbon and nitrogen) between three compartments 
(leaf, stem and root) reached a similar conclusion to Rufty et 
al(1978) in that for a plant undergoing steady state growth 
the total activities of the shoot and root are always in 
constant ratio to one another. This agreed with an earlier 
proposal derived empirically by Davidson(1969a, 1969b). 
Mechanistic models have been further developed by 
Charles-Edwards(1976) and Reynolds and Thornley(1982). As 
suggested by a number of authors(Clarkson and Gerloff, 1979; 
Dhillon, 1978; Horgan and Wareing, 1980; Prochazka, 1981; 
Vaadia and Itai, 1969), the close coordination of the growth 
and activities of root and shoot may be mediated through 
hormones produced by the root system. 
With few exceptions, such as Cooper and Thornley(1976), 
Richards(1981) and Richards et al(1979b) most of the plant 
material used to test the validity of functional equilibrium 
equations has been confined to IIleafy plants ll such as 
perennial ryegrass. This species has a relatively small 
number of leaves and lacks stem tissue during the vegetative 
stage of growth. Consequently, Hunt and Burnett(1973) 
emphasized that the approach based on equation 3.2 is likely 
to be valid only for young grass plants or for dicotyledonous 
seedlings in which a very high proportion of shoot weight is 
in leaves. 
18 
However, another form of describing the equilibrium 
relationship has been proposed by Thorn1ey(1972), and may be 
expressed as 
~M = fm~W--------------------3.3 
where ~M is the increment in weight of element M and ~W the 
increment in total plant dry weight during a time period ~t 
with fm a constant. The tomato(Lycopersicon escu1entum L.) 
used by Cooper and Thorn1ey(1976), Richards(1981) and Richards 
et a1 (1979b) contrasted with perenni a1 ryegrass used by 
Hunt(1975) and Hunt and Burnett(1973) in that tomato has a 
large proportion of its shoot weight in the stem. Moreover, 
Richards et a1(1979b) concluded that, even with the fruiting 
tomato plants, the functional relationship, as expressed by 
equation 3.3, was maintained regardless of ontogenetic drift, 
root restriction or a change in growth of the plant from the 
vegetative to·the reproductive phase. 
The presence of stem tissue may provide another means by 
which this equilibrium is maintained other than leaf tissue 
alone. The most effective way of arranging the dry matter on 
the shoot may be to have the least stem dry weight with the 
highest proportion of dry matter allocated to leaf tissue. 
Hence, testing the equation 3.2 with "stemmy plants" may be 
justifiable even though Hunt and Burnett(1973) acknowledged 
that there might be some questions about using equation 3.2 
with stemmy plants. 
Even though Davidson(1969a, 1969b) 
imply the relationship of source-sink 
Warren-Wilson(1972), either side of 
essentially analogous to 
did not 
proposed 
equation 
explicitly 
1 ater by 
3. 1 is 
source strength = source size x source activity--------3.4 
That is to say, root and shoot 
source sizes and absorption 
mass may be represented as 
and photosynthesis as source 
activities, so that total activities of shoot and root can be 
written as source strengths of shoot and root. 
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It is plausible to imagine that the best plant 
performance is achieved when the highest proportion of dry 
weight is allocated to the aerial shoot. However, several 
important points should be made. Firstly, the lack of dry 
weight allocation to the root must not hinder the survival of 
the root system as the function of the root in providing water 
and mineral nutrients is vital for further growth of the whole 
plant. Secondly, plants rarely grow in a uniformly favourable 
environment throughout their growth period, and will at times 
allocate more dry weight to the root system at the expense of 
shoot growth such as observed in acid sOils(Pinkerton and 
Simpson, 1981). Thirdly, as discussed earlier, interactions 
between shoot and root are much more complex than hitherto 
thought(Russell, 1977). However, having accepted that 
shoot/root mass ratio is influenced by various environmental 
stresses, it appears that dry weight by itself provides little 
information about the adjustment of morphological structures 
of the various organs of the plant. The increase or decrease 
in dry weight of shoot and root is ultimately related to the 
increase or decrease in leaf area, leaf number, root length 
and root number. Studies on the effect of various root 
environments on the root morphology have shown that the root 
system is capable of compensating for nutrient deficiency in 
some parts of the root zone by producing more laterals in 
those zones where abundant nutrient is available(Drew, 1976; 
Drew and Saker, 1975, 1978; Hackett, 1968, 1972), inferring a 
coordination in the root system(Brouwer, 1981). Russell(1977) 
refers to this as IIcompensatory growth ll • Generally, high root 
temperature induces a well branched root system(Cooper, 1973; 
Nielsen, 1974). Maize(I~ ~ L.) which is considered to 
require relatively high root temperature for satisfactory 
growth was more branched at 33 l C than 23 l C(Atkin et al, 1973). 
Garwood(1968) showed that branching of perennial ryegrass was 
increased by high temperature and the number of new roots 
formed at the base of tillers of grasses and white clover was 
decreased. Mechanical impedance(resistance of soil) can have 
a detrimental effect by limiting root growth. Proliferation 
of the root system of corn measured in terms of root length 
shows a marked reduction whereas root diameter increases(Veen, 
1982; Veen and Voone, 1981) in response to mechanical 
impedance. Hallmark and 
root growth and lower 
weight was responsible 
soybean(~llfi~ max(L.) 
densities. 
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Barber(1981) found that decreased 
root surface area per unit of shoot 
for the poor shoot growth of 
Merrill) grown in soils with high bulk 
While the importance of root morphology influenced by 
various environmental stresses has been acknowledged by many 
authors, the consequences of differential root morphology on 
shoot morphology have been largely ignored; the only 
measurement being shoot dry weight after the application of 
localized nutrient supply(Drew, 1975, 1976; Philipson and 
Coutts, 1977). The importance of leaves as a population of 
modules was emphasized by Bazzaz and Harper(1977) when they 
concluded that liThe leaf area of a plant is the product of the 
number of its leaves and their area. Although the area per 
leaf varies with the time at which leaves are initiated, by 
far the major contributor to determining the total leaf area 
. of L i num is 1 eaf number ll • The argument is that di fferent 
shoot morphology has so far largely been studied in terms of 
total leaf area and dry weight and the interaction between 
shoot and root morphology has not been thoroughly investigated 
even though the inter-dependence of shoot and root activities 
is becoming clearer. Hence measurement of shoot dry weight 
only in response to differential root morphology seems to be a 
limited basis for understanding plant adaptation. Although 
the possible significance of morphological relationships 
between shoot and root has been acknowledged by Evans(1972), 
the measurement of lIabsorbing surface ratio(root 
length/photosynthetic area)", which is a measure of the 
relative expansion of the two absorbing systems, was 
comprehensively used by Hegarty(1973). Even though the work 
was only concerned with seedling growth, it appears that the 
approach was very sound in that the importance of surface area 
ratio in response to nutritional stress was described. 
Richards and Rowe(1977a, ~ 1977b) also showed that a 
relationship exists between the morphological characteristics 
of plant roots and shoots and suggested that they should be 
taken into account when considering the functional 
relationships of roots and shoots as they relate to total 
plant growth. They 
nutritional conditions 
leaf area were related 
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showed that under the particular 
of their experiment root length and 
and linked in some way through their 
common involvement in water and nutrient uptake. Root number 
and leaf number were also related through their common 
involvement in differentiation processes. This common 
involvement of morphological relationship between shoot and 
root was included in the equation proposed by Chung et 
al (1982) (see Appendix 6). They suggested that activities of 
shoot and root may be adjusted by including different 
morphological characteristics in the equation 3.2, which 
eventually gives the following equation, 
total plant weight/(leaf number/leaf area) (l total IIk"/(root 
number/root length)----------------------------3.5 
(units used in the present studies are g/(no./cm2 ) and 
g/(no./cm), respectively) 
where "k II represents the total contents of ion(s) or 
compound(s). They showed that by using equation 3.3 two line 
relationships were obtained, which may have biological 
significance in that cucumber plants adapt to nutritional 
stress by increasing root length relative to their leaf area 
and decrease their calcium and potassium uptake relative to 
their total dry weight. But this implies the non-existence of 
a single line functional relationship. Treating data by using 
equation 3.5 produced a single line relationship. The 
significance of equation 3.5 is that the organization of root 
and shoot systems is closely coordinated and that root and 
shoot morphology will show different activities as a 
consequence. Hackett(1968) and Drew(1975, 1976) showed the 
morphological responses of root systems to nutritional stress 
and discussed the significance of differential morphology in 
terms of number of root branches. By the same principle, 
there is no reason why different shoot morphology should not 
affect the activity of the shoot. Although equation 3.5 is 
highly empirical, it implies the complex involvement of 
morphological features of shoot and root in adaptation to 
stress through possible feedback mechanisms. The weakness of 
equation 3.2 as pointed out by Hunt and Burnett (1973) is in 
the use of dry weight of root as an index of functional size. 
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This problem seems to have been partly overcome by using 
morphological characteristics instead of root dry weight in 
equation 3.5. 
It is recognized that the use of root dry weight as a 
measure of the functional size of the root system i s not 
a 1 way s appropri ate. Veen(1977) suggested that the root 
surface i s often a better functional measure of size than root 
volume or root weight when describing plant responses to 
nitrate ions. The increase in ion uptake efficiency which 
occurred when plants were transferred from high to low-salt 
status (Cram and Laties, 1971) indicates that neither the root 
surface nor the root volume or root weight was the limiting 
factor. Lee(1982), using barley(Hordeum vulgare L.) plants, 
showed that the pre-nutritional history of a plant had a 
profound effect on its subsequent capacity to absorb ions such 
as phosphorus, sulphur, chlorine and nitrogen. This again 
implies that root morphology alone may not be the best 
measurement of functional size. Washing excised or intact 
primary roots of corn for two hours in distilled water or 
diluted nutrient solution doubled the rate of accumulation of 
various ions and solutes(Leonard and Hanson, 1972). The 
existing content of the ions in the plant appears to play a 
significant role in the absorption of ions. Further 
complications come from the fact that the physiological 
condition of the plant may affect the absorption efficiency of 
the root system(Nye and Tinker, 1969). This demand concept of 
the plant in terms of source-sink relationships will be fully 
exploited in the next Chapter. In summary, the physiological 
condition of the plant, nutrient availability and root 
morphology may influence the activity of the root in an 
integrated manner, which may explain why· equation 3.5 which 
includes shoot and root morphological terms other than dry 
weight describes the adaptive response better than previous 
equations(Chung et al, 1982). 
The conflict between Hunt(1976, 1977) and Thornley(1975, 
1977) over the way of expressing the functional equilibrium 
between shoot and root as shown in equations 3.2 and 3.3 
represents the typical argument between an empirical and 
mechanistic modeller in the field of plant physiology. 
Thornley(1977) argued that "Hunt's method almost amounts to 
plotting numbers against themselves, a procedure guaranteed to 
produce a linear relationship" and showed the mathematical 
calculation by which it is possible to draw equation 3.2 out 
of equation 3.3. The point is that Hunt(1976} chose to 
emphasize the biological significance of equation 3.2 rather 
than preclslon of the relationship itself, whereas 
Thornley(for example, 1976} placed more emphasis on the 
analogy of a plant as a system with various parts or organs 
working together in a way analogous to a machine. Hunt(1981} 
defended his empirical model by stating that lithe real ity of 
growth is submerged by careless or unlucky experimentation or 
by the natural variability or inaccessibility of the subject 
material". Ignoring the relative arguments supporting each 
point of view, functional equilibrium relationships have been 
demonstrated whichever equation is used(Richards, 1977}. 
Since the 
efficiency of 
concept of 
shoot dry 
USR and SAR, representing the 
weight as a producer of total dry 
matter and efficiency of root dry weight in absorbing nutrient 
and water respectively, are the major part of the functional 
equilibrium equation 3.2, it is desirable to describe these 
parameters. USR is defined as total plant weight per unit dry 
weight of shoot per unit time. As was shown by Hunt and 
Burnett(1973} and adapted by Troughton(1977}, USR is a similar 
concept to Unit Leaf Rate(ULR=Net Assimilation Rate}. SAR is 
defined as total mineral content in the plant per unit dry 
weight of root per unit time(Hunt, 1973}. 
In Section 2 of this Chapter, equations 3.2 and 3.3 will 
be used to test whether equilibrium relationships between 
shoot and root of cucumber plants treated with various 
environmental stresses, as set out in Chapter 2, do exist. 
Although ThornleY(1977} argues that the same quantities were 
multiplied to both sides of equation 3.3 to produce equation 
3.2, they will be viewed as different equations. Another form 
of functional equilibrium relationship shown in equation 3.5 
will also be tested. None of the literature concerning the 
functional equilibrium relationship examined the different 
equations using the same elements, and it seems useful to show 
the relationship with all the individual elements concerned as 
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well as with different equations. However, for the sake of 
brevity only the data from Expts. 2 and 6 will be used for 
comparing the total sum of element as well as the individual 
element. For Expts. 3, 4 and 5 only the sum of the elements 
will be used. But unless described, the trends with 
individual elements were not necessarily different from the 
sum of measured elements. Experiment 3 in which the content 
of potassium and calcium in the root was not analysed will be 
shown with the reasonable assumption that total amount of 
those elements in the roots are small relative to the rest of 
the plant. In Section 2, solution depth and volume treatments 
in Expts. 3 and 4 were excluded from the symbols for the 
clarity of the figures. 
Since the USR, SAR 
biologically meaningful 
and shoot/root ratio contain 
concepts and they are the components 
of equation 3.2, detailed analysis of these components will be 
shown in the Section 3. Data from Expt. 1have. been excluded 
in plotting the equations since the analysis of mineral 
elements was not performed. Expt. 3 was excluded from 
Section 2 since it was considered that Expt. 2 provided 
enough information to describe solution temperature effects. 
Volume treatments in Expt. 4 were also excluded in the 
results of Section 3.3-3.5 for the clarity of the figures. 
The other plant responses that are worth considering when 
discussing the functional equilibrium relationship between 
shoot and root are the root morphology and the leaf and stem 
weight ratios. It is postulated that the use of root dry 
weight alone is not sufficient to represent the root response 
influenced by various environmental stresses. Root 
morphological response with the ratio of root number/root 
length(number per cm) is shown in Section 4 for Expts. 1, 2, 
5 and 6. The proposition that Hunt and Burnett(1973) made 
with respect to the use of equation 3.2 was that there would 
be little value in using the equation with stemmy, aged 
plants. Since the cucumber plant has a high proportion of 
stem in the total shoot weight, it is considered important to 
look at the shoot response in terms of structural arrangement 
between leaf and stem weight. Stem weight ratios(SWR, stem 
weight/plant weight) and leaf weight ratios(LWR, leaf weight/ 
plant weight) are shown in Section 5 for all the experiments 
performed. Part of hypothesis in the equation 3.5 was 
that there exists a close relationship between leaf area and 
root length, and root number and leaf number as suggested by 
Chung et al (1982) and Richards and Rowe(1977a, 1977b). This 
relationship is shown in Section 3.6 with the Expts. 
6. It was considered that solution temperature and 
2, 5 and 
different 
levels of nitrogen and calcium in the solution would represent 
the root environments, and light intensity for shoot 
environment to show such relationships between shoot and root 
in the series of experiments reported in this thesis. With 
the exception of Expts. 3 and 4, all the ratio terms shown in 
this Chapter are presented in the form of a smooth curve, 
derived from the Richards(1959) function, described in the 
Chapter 2. 
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3.2. Results using the functional equilibrium equations 
The results of Expt. 2 based on equation 3.2 are shown 
in Figs. 3.1-3.4 for potassium, calcium and nitrogen 
considered separately, and the sum of the three elements. It 
is clear that two line relationships exist based on the 
different solution temperatures applied, with the exception of 
potassium(Fig. 3.1) due to the large confidence limit of the 
slopes. The high solution temperature treatment showed 
consistently greater slopes in all elements measured. 
However, the low solution temperature treatment resulted in 
the particularly poor relationship between the mass ratio and 
the 1/activity ratio with the exception of nitrogen 
uptake(r=O.935). 
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3.1. The effect of different solution temperatures on the 
relatlonship between the mass ratio and the reciprocal of 
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+;32.5'C. Slope and confidence liwit for low a9d high 
temperature treatments are; O.OJ43±O.UJO, O.U614±O.O~ 
\$, excluded from linear regression) 
3.2 
N 
'-J 
-c..:l 
" c..:l 
o 
...... 
t-
.18 
.16 
.14 
.12 
~ .H'l 
t-
o 
o 
:c 
~ .08 t- . 
o 
o 
n::: 
.06 
.04 
+ 
+ 
+ 
+ 
+ 
ED 
+ 
* 
* 
.02~' ~~~~~~~~~~~~~~~~~~~~~~J 1.2 1.8 2.0 2.2 2.1 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 1.1 1.6 
Fig. 
l/ACTIVITY RATIO WITH RESPECT TO CA (G/G/OAYI/(G/G/OAY) 
3.2. The effect of different solution temperatures on the 
relationship between the mass ratio and the reciprocal of 
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3.4. The effect of different solution temperatures on the 
relationship between the mass ratio and the reciprocal of 
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The relationships based on equation 3.3 are shown for 
Expt. 2 in Figs. 3.5-3.8 for potassium, calcium, nitrogen 
separately and the sum of the ions, respectively. The initial 
values of plant dry weight / and of individual elements and 
their sum have been put equal to zero whenever equation 3.3 is 
used. Points near to the origin on the figures due to the 
poor plant growth resulting from low-solution temperature are 
shown on the separate acetate overlays. It is clear that 
results obtained from equation 3.3 showed a single line 
relationship with all the elements when equation 3.2 showed 
two line relationships(Figs. 3.1-3.4). The correlation 
coefficient with all the elements concerned was better than 
0.99. Equation 3.3 markedly improved the relationship with 
the potassium data(Fig. 3.5) compared with that obtained with 
equation 3.2(Fig. 3.1). A relationship with respect to sum 
of the elements(Fig. 3.8) was not different from the results 
obtained for individual elementS(Figs. 3.5-3.7). 
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3.6. The effect of different solution temperatures on the 
relatlonship be~ween plant dry weiQht and total 9al cium 
content. ;12.5 C +;32.5 I C. Y=16.98XfO.290; r=O.997 lPoints 
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The relationships based on equation 3.5 i n which 
morphological aspects of shoot and root are expressed in the 
form of leaf number/leaf area and root number/root length are 
shown in Figs. 3.9-3.12. Both initial values have been put 
equal to zero whenever equation 3.5 is used. Points near to 
the origin on the figures are shown on the separate acetate 
overlays. For potassium, the inclusion of the morphological 
ratios in the equation 3.3 did not make any difference to the 
correlation coefficient(Fig. 3.9), compared to Fig. 3.5. 
Using equation 3.5 with calcium (Fig. 3.10), nitrogen(Fig. 
3.11) and the sum of the three elements(Fig. 3.12) did not 
improve the correlation coefficients. In short, it is 
considered that outcome based on equation 3.5 does not show 
any differences from equation 3.3 even though morphological 
terms are included. 
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3.9. The effect of different solution temperatures on the 
relationship between plant dry/!eight/(leafb n~mber/leaf areh1) and total Qot?sslum content root num er/root lengt • 
*;12.5'C +;32.5 C. Y=599.6X-70. 2; r=O.975. (Points near 0 
tne origin are shown on the-acetate overlay) 
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3.11. ,The effect of different solutio~ temperatures on the 
redlationship between plant dry/!eight/(leaf n~mber/leQf arel) 
an total nltrogen content root number/root length. *~12.5'C +;32.5'C. Y=677.3X-63. 5; r=O.980. (Points near 0 
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In Expt. 3, plants were grown at different solution 
temperatures and at different solution depths, and the results 
of this experiment, using equations 3.2, 3.3 and 3.5 are shown 
in Figs. 3.13-3.15. The outcome on the relationship between 
mass ratio and the reciprocal of the activity ratio(equation 
3.2) with respect to the sum of potassium and calcium is shown 
in Fig. 3.13. The relationship varied with temperature of 
solution, with a significant difference in slope of line being 
observed between high(22.5 and 32.5 I C) and low(12.5 I C) 
solution temperatures. Because different slopes of the lines 
were produced under root restriction, resulting from shallow 
solution depth(5mm), the percentage of potassium in the plants 
was examined, and results are shown in Tables 3.1 and 3.2 for 
Expts. 2 and 3, respectively. Average dry weight of the 
plants is also shown in Table 3.1 for reference to show the 
differences obtained from high(32.5 I C) and low(12.5 I C) 
solution temperature treatments. 
percentage of potassium in 
remained relatively constant 
restriction occurred in Expt. 
It is clear that while the 
both temperature treatments 
in the case where no root 
2(Table 3.1), there was a 
marked decline in the potassium per centage in Expt. 3 with 
high temperature treatments(Table 3.2.) while it remained 
stable with low temperature treatment. The same data are 
plotted again using the equation 3.3, which is shown in Fig. 
3.14. Apart from the clustered pOints 
plant growth, equation 3.3 produced 
represented by single line. As was found 
inclusion of morphological terms in 
improve the correlation coef.ficient(Fig. 
resulting from poor 
a good relationship 
in Expt. 2, the 
equation 
3.15). 
3.3 did not 
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1/RCTIVITY RATIO WITH RESPECT TO SUM OF K AND CR (G/G/OAY)/(G/G/ORY) 
3.13. The effect of different solution temperatures and depths on 
the relationship' between the mass ratio and the reciprocal of 
activity ratio with respect to sum of potassium and calcium 
uptake in the shoot •• ~32.5'C +;22.5'C *;12.5'C. Slope and 
confidence limit for 12.~'C, and 22.5'C plus 32.5'C are; 
O.0636±O.0129, O,0158±O.0024. (Depth treatments were excludea from the symbols) 
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3.14. The effect of different solution temperatures and depths on 
the relatlonship between plant dry weight and total sum of 
~otassium and calcium uDt~ke in the shoot. .~32.5'C +j22.5'C ;lL.~'C. Y=LL.40X-l./l; r=O.886. tDeptn treatmenLs were 
excluded from the symbols 
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3.15. The effect of different solution temperatures and depths on 
the relationship between plant dry weight/(leaf number/leaf area~ and the total sum of potasslum and calcium in the 
shoo I(root number/r8ot length) •• ~32.5'C +;22.5'C *;12.5'C. 
Y=bZ 5.6X-3088.6~ r= .892. lDepth Lreatments were excluded 
from the symbols} 
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Table 3.1. Potassium percentage(±s.e.) of leaves treated at 
different solution temperatures(Expt. 2). (Average 
plant dry weight(g) is shown for reference) 
days 
temp 
% 
dry wt 
days 
temp 
% 
dry wt 
7 
32.5 1 C 12.5 1 C 
5.90±1.95 3.95±0.40 
2.50 0.81 
21 
32.5 1 C 12.5 1 C 
6.09±0.25 5.31±O.32 
39.5 1.94 
14 
32.5 1 C 12.5 1 C 
6.76±O.01 4.75±O.05 
11.3 1.54 
28 
32.5 1 C 12.5 1 C 
5.50±O.39 6.13±1.02 
119.9 3.35 
46 
Table 3.2. Potassium percentage of leaves(±s.e.) treated 
at different solution temperatures 
and depths(Expt. 3) 
days 21 
temp-------32~SiC--------------22~SiC--------------i2~SiC-------
depth 5mm 50mm 5mm 50mm 5mm 50mm 
% 4.99±O.24 4.91±O.07 4.44±O.52 4.73±O.42 2.75±O.26 3.54±O.34 
----------------------------------------------------------------days 42 
----------------------------------------------------------------temp 32.5 1 C 22.5 1 C 12.5 1 C 
depth 5mm 50mm 5mm 50mm 5mm 50mm 
% 2.93±O.19 2.69±O.33 2.90±O.20 2.88±O.47 2.32±O.44 3.37±O.84 
----------------------------------------------------------------days 63 
temp 
depth 
% 
32.5 1 C 22.5 1 C 12.5 1 C 
5mm 50mm 5mm 50mm 5mm 50mm 
1.88±O.21 1.52±O.13 1.08±O.32 1.28±O.09 4.29±O.42 3.91±O.45 
47 
The experimental results from Expt. 4 are shown in Figs. 
3.16-3.18 with respect to the sum of potassium and calcium. 
Equation 3.2 produced an acceptable linear relationship when 
different ionic strengths were imposed(Fig. 3.16), 
particularly compared with data shown in Figs. 3.4 and 3.13. 
Equation 3.3 produced a good linear relationship(Fig. 3.17), 
but close inspection of the clustered data indicates the 
probability of two lines, based on the different ionic 
strengths of solution. The slopes were 12.71 and 28.46 for 
full nutrition, and 5% plus 2% strength treatment, 
respectively. The correlation coefficient obtained from using 
equation 3.5 indicated a good linear relationship(r=O.97). 
The congregation of paints near to the origin in Figs. 3.17 
and 3.18 was an inevitable result of the growth pattern of the 
plants in the experiment. 
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3.16. The effect of different solution ionic strengths, depths 
and volumes on the relationship between the mass ratio and the 
reciprocal of activity ratio ~ith respect to sum of potassium 
and calcium uBtake. .-ful I strength +-5% strength *;2% 
strength. Y=O. 261X+O.0810; r=O.807. (Depth ana volume 
treatments were excluded from the symbols) 
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3.17. The effect of different solution ionic strengths, depths 
and volumes on the relationship between plant dry weight and 
total sum of potassium and calcium content •• ;full strength 
+-5% strength *-2% strength. 
Siope and confidence limlt for full strength and 5 plus 2% 
strength treatments are; 12.71±O.136, 28.46±O.603. (Points 
near to the orlgln are shown on the acetate overlay. Depth 
and volume treatments were excluded from the symbols) 
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3.18. The effect of different solution ionic strengths, d~pths 
and volumes on th~ relationship between plant dry weight/t"leaf number/I~af area) and the total sum of potasslum and 
calcium/troot number/root length). .;full strength +;5% 
strength *;2% strength. Y=920.9X-382.0; r=O.973 (Polnts near 
to the origin are shown on the acetate overl~y. Depth and 
volume treatments were excluded from the symbols) 
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The results obtained from equations 3.2, 3.3 and 3.5 are 
shown in Figs. 3.19-3.21 when plants were treated with 
different ionic strengths of solution and 1 i g h t 
intensities(Expt. 5). Equation 3.2 produced a good linear 
obtained from 
result(see Fig. 
relationship (r=0.99)(Fig. 3.19). Fig. 3.20 
using equation 3.3 confirms the previous 
3.17) in that two lines were produced based 
levels of ionic strength(significant at p<0.05). 
on different 
They did not 
occur with different levels of light intensity, which is in 
good agreement with the result obtained from the relationship 
between root length and leaf area, and root number and leaf 
number(see Appendices 1 and 2). The extended line produced 
from the low ionic strength solution treatment in Fig. 3.20 
was a reflection of the experimental design and plant growth 
and is based on a better spread of data pOints, compared to 
the situation in Fig. 3.17. It appears that the two lines 
produced by equation 3.3 were amalgamated into one line by 
using equation 3.5(Fig. 3.21). 
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Fig. 3.19. The effect of different solution ionic strengths and light lntensities on the relationship' between the mass ratio and the 
reciprocal of activity ratio with respect to sum of potassium 
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strenqth Y=O.117X+O.028; r=O.977 (Light lntensity treatments 
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3.20, The effect of different solution ionic strengths and light 
lntensities on the relationship between plant dry weight and 
total sum of potassium, calcium and nitrogen content. +;full 
strength *;5% strength. 
Slope and confidence limit for full strength, and 5% strength 
treatments are; 6.215±0.243 1 8.168±1.03. (Light intenslty treatments were excluded from ~he symbols) 
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3.21, The effect of different solution ionic strengths and light lntensities on the relationship between plant dry weight/lleaf 
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*;5% strength. Y= 98.5X-54.69i r=O.977. (Light intenslty 
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The effects of different levels of nitrogen and 
calcium(Expt. 6) on the three equations with respect to 
potassium uptake are shown in Figs. 3.22-3.24. When equation 
3.2 is used, fitting a linear line through all the points 
showed a tolerable relationship(Fig. 3.22, r=0.855). 
However, scattered points in full nutrition and low-nitrogen 
treatment showed particularly poor relationship, correlation 
coefficients being 0.345 and -0.290, respectively. Equation 
3.5(Fig. 3.24) showed more scattering of points than equation 
3.3(Fig. 3.23). Nevertheless, the fact that the inclusion of 
morphological terms in equation 3.3 did not make a great 
difference is in good agreement with previous results shown, 
especially in Figs. 3.5-3.12. However, relationships in the 
case of calcium seem more complicated. There seem to be 
systematic deviations based on treatments in all three 
equations. Equation 3.2 showed three parallel lines(Fig. 
3.25), slope and confidence limit for full nutrition, 
low-calcium and low nitrogen treatments being 0.0169±0.0017, 
0.0161±0.0014 and 0.0167±0.0023, respectively. The result 
obtained from equation 3.3 completely avoided the clustered 
points(Fig. 3.26) as occurred in previous results(see Fig. 
3.17) especially those of low-calcium treatment. The 
gradients of two lines are significantly different(p<0.05) 
with the low-calcium treatment having a higher gradient and 
low-nitrogen plus the full nutrition treatments producing one 
line. But in the case where equation 3.5 is used(Fig. 3.27), 
it becomes a three line relationship, the decreasing gradients 
being in the order of low-calcium, full nutrition and 
low-nitrogen treatment, respectively. The relationships 
obtained from equations 3.2, 3.3 and 3.5 with respect to 
nitrogen uptake are shown in Figs. 3.28-3.30, respectively. 
A clear grouping of the points according to the treatment 
resulted in the case of equation 3.2(Fig. 3.28). Equation 
3.3 produced significantly different slopes, one being low 
nitrogen and the other full nutrition plus low-calcium 
treatment(Fig. 3.29). Equation 3.5 produced a single linear 
relationship with a high correlation coefficient(Fig. 3.30). 
The total sum of the three elements applied to the three 
equations showed very similar results to nitrogen alone(Figs. 
3.31-3.33). 
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3.24. The eff~ct of different levels of nitrogen and calcium on 
the relatlonship between plant dry weigHt/(leaf number/leaf 
area) and total potassium content/froot number/root length). Y~i~~~~3Q~rO~g~g~ +f18~9r9lcium *; ow-nitrogen 
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3.26. The effect of different levels of nitrogen and calcium on 
the relationship between plant dry weignt and total calcium 
content •• ;full nutrition +;"Iow-calclum ;low-nitrogen. Slope 
and confidence limit for low-calcium, and full nutrition plus low-nltrogen treatments are; 78.81±5.26, 24.24±1.28 
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3.27. The effect of different levels of nitrogen and calcium on 
the )relationshi P between plan~ dry weignt~(leaf number/leaf 
area and total calcium content/~root num5er,root length) • 
• ;full nutrition +;low-calcium ·low-nitrogen. I Slope and confidence limit for futl nutrition~ low-calcium and 
lQw-nitrogen treatments are; 1560.9±133.o, 5156.2±780.4, 
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7 
CJ) 
>-' 
·50 
.45 
. 10 
C) .35 
'-.. 
C) 
.30 
0 
...... 
l-
cc 
a::: .25 
I-
0 
0 
~ .20 
......... 
I-
0 
0 
a::: .15 
.10 
. 05 
0 
0 
.. 
* * 
* * * * 
* 
* * 
* 
'U. * 
* 
* 
** 
* 
* * 
* * * 
* 
.. 
t 
* 
* 
* 
* ' . 
"#+' 
.;: 
.~ . 
. :!-. /
,.,:" 
2 
Fig. 
1 6 8 10 12 14 16 18 20 
1/RCTIVITY RRTIO WITH RESPECT TO N (G/G/ORY)/(G/G/ORY) 
3.28. The effect of different levels of nitrogen and calcium on 
the relationship between the mass ratio and the reciprocal of 
activity ratio with respect to nitrogen uptake. .;full 
nutrition +;low-calcium *;low-nitrogen. 
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3.29. The effect of different levels of nitrogen and calcium on 
the relatlonship between plant dry wel~ht and total nitrogen 
content •• ;full nutrition +;low-calcium ;low-nitrogen. Slope 
and confidence limit for low-nitrogen~ and full nutrition plus low-calcium treatments are; 62.94±7.~3, 15.45±1.16 
0'> 
W 
10 2 x20 
N 
[3 18 
"-
0 
:z:: 
"- 16 
l.::J 
14 
IT 
W 
n::: 
IT 12 
LL 
IT 
W 
....J 
': 10 
0 
:z:: 
LL 8' IT 
W 
6 I ....J "-l-
I 
t.:J 
I-i 
W 
3: 4 
>-
2 ~ n::: 0 I-Z 
IT 
....J 
0... 
0 
0 
+ 
+ + 
+ 
+ 
+ 
+ + + + 
+ 
+ 
Z+ ~"'~ ...... :- + + + + 
Fig. 
2 4 6 8 10 
TOTRL. N CONTENT/(ROOT NO./ROOT LENGTH) 
12 14 
(GI (NO. ICM) ) 
3.30. The effect of different leyels of nitro~e~ and 
the relatlonship between plant dry weignt/(leaf 
area) and total nitrogen content/(root number/root 
.~full nutrition +;low-calcium *;low-nitrogen. Y=~30.62X-96.11; r=0.946 
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3.31. The eff~ct of different levels of nitrogen and calcium on 
the relatlonship' between the mass ratio and the reciprocal of 
activity ratio with respect to sum of potassium, calcium and 
nltrogen uptake •• ;ful I nutrition +;low-calcium *;low-nitrogen 
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3.32. The effect of different levels of nitrogen and calcium on 
the relationship between plant dry weight and total sum of 
potassium, calcium and nitrogen content. .;full nutrition 
+;low-calcium *;low-nitrogen. Slope and confldence limit for 
low-nitrogen l and full nutrition plus low-calcium treatments are; 11.36± .97, 8.17±1.12 
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3.33. The effect of different levels of nitrogen and calcium on 
the )relationshi g between plant dry weig~tL(leaf number/leaf 
area a\d total sum of potassium calcium and nltrogen 
content/ root number/root length). .;full nutritlon 
+;low-ca cium *;low-nitrogen. Y=524.2X-879.7; r=O.944 
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3.3. USR, SAR and shoot/root ratio 
Overall, the differences in USR values between treatments 
were small. Especially, Expt. 2(Fig. 3.34) and 5(Fig. 
3.36) where treatments lasted for 4 weeks did not show clear 
trends. However, Expts. 4(Fig. 3.35) and 6(Fig. 3.37) 
where treatments lasted longer showed consistent differences 
although marginal. Low solution temperature(12.5 I C) generally 
induced low values of USR(Fig. 3.34) during the central part 
of the experimental period. Fig. 3.35 in which different 
levels of ionic strength, depth and volume(Expt. 4) were 
applied showed that the specific shoot activity expressed as 
USR increased as nutrient levels in the solution decreased. 
The overall trend of USR values when different levels of ionic 
strengths and light intensities(Expt. 5)(Fig. 3.36) were 
applied showed that different light levels under full strength 
of solution treatment did not show differences in USR. Five 
percent of full strength treatment generally induced higher 
values of USR except 10% light intensity treatment. The 
values of USR obtained from low-nitrogen treatment(Expt. 6) 
showed consistently higher values throughout the experiment 
while low-calcium plus full nutrition treatment were almost 
indistinguishable(Fig. 3.37). In short, the shape of the 
curve and absolute values of USR were similar in all the 
experiments performed even though the aerial environments such 
as air temperature and light intensity were different, for 
example, Expt. 5, the period of November through December of 
1981, and Expt. 6 during February through March of 1982. 
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3.37. The effect of different levels of nitrogen and 
calcium on the USR • • ;full nutrition +;low-calcium 
*;low-nitrogen. Fitted value$ d~rived from Rlchards function are plotted wlth 9~% confidence limits. 
73 
Progressive curves of SAR with respect to total sums of 
measured ions are shown in Figs. 3.38-3.41, respectively. 
With the exception of the 1st harvest differences in SAR were 
relatively small when plants were treated with different 
solution temperatures (Fig. 3.38). SAR was strongly 
influenced by solution depth until 6 weeks growth if the lower 
ionic strength solution was applied(Fig. 3.39). The deep 
treatment(50mm) showed a higher SAR value than the shallow 
treatment(lmm) under the low ionic strength treatment. In 
full strength treatment, however, there was no difference to 
the values of SAR in deep and shallow solution. In the given 
solution strength, SAR was strongly influenced by light 
levels, i.e. the lower the light levels, the higher the 
SAR(Fig. 3.40). Lowering ionic strength of solution 
eventually decreased the values of SAR. However, the values 
of SAR obtained from the lowest light intensity with 
strength treatment were higher than full strength 
plus full light treatment. The values of SAR 
light treatment showed the 
low ionic 
treatment 
for low 
highest nutrition 
values{Fig. 
plus full 
3.40). There was a clear and significant grading 
in the values of SAR where the low nitrogen treatment induced 
low values while low-calcium treatment induced a higher values 
than control treatment{Fig. 3.41). The order of values of 
SAR was the reverse of USR shown in Fig. 3.37. 
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The shoot/root ratio obtained from Expts. 1, 2, 4, 5 and 
6 are shown in Figs. 3.42-3.46, respectively. Plants grown 
in a shallow depth of solution allocated a higher proportion 
of dry weight to the root(Fig. 3.42). The sudden decrease in 
the shoot/root ratio in the 50mm treatment near the final 
harvest date is interesting because it occurred after the root 
system filled the tray used to control the solution depth, and 
some part of the root started to be exposed to air; a 
situation achieved much earlier with the shallow solution 
depth treatments. Lowering solution temperature to 12.5 1 C 
significantly increased the shoot/root ratio(Fig. 3.43). The 
higher values were due to the poor root growth rather than 
increases in shoot growth. At low root temperature, root 
growth was severely restricted, and was characterized by 
greater root numbers relative to its size. Lowering ionic 
strength considerably enhanced the dry weight allocation to 
the root(Fig. 3.44). As was found in Fig. 3.42, different 
solution depth treatments clearly influenced the ratio of 
shoot/root, especially in the diluted solution treatments. 
Lowering light intensities caused an increased proportion of 
the dry weight to be allocated to the shoot while low 
nutrition favoured root growth(Fig. 3.45), which is 
consistent 
nitrogen 
shoot/root 
growth(Fig. 
with previous results(Fig. 3.44). Lowering 
level alone in the solution also reduced the 
ratio while low-calcium level favoured shoot 
3.46) 
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3.4. Root number/root length ratio 
Measurement of root morphology expressed in terms of root 
number per cm of ro~t length treated with different depths of 
solution as described in Chapter 2 showed that shallow 
depth of solution enhanced the production of root number 
relative to root length(Fig. 3.47). Shallow depth of 
solution such as 1 and 5mm substantially increased the 
production of root number while deep solution treatment(50 and 
170mm) showed initially low ratios followed by a gradual 
increase. The significant increase in 50mm treatment at 3rd 
week coincided with the subsequent decrease in shoot/root 
ratio at the final harvest(Fig. 3.42). Morphological 
characteristics of the root system grown under low solution 
temperature(12.5 I C) were a highly branched root containing 
many thick roots and non-extending root initials. High 
solution temperature(32.5 I C) treated plants had a distinctive 
root morphology which was very fine with fewer non-extending 
roots. This can be seen in Fig. 3.48. It was noted that the 
number of initials on the root system treated with low 
solution temperature may have been underestimated because the 
thickness of roots obscured the visibility of root initials on 
the underside of the samples observed. Lowering light 
intensity to 10% natural light intensity induced very poor 
root growth relative to shoot growth as shown in Fig. 3.45. 
However, the root number/root length ratio showed that it 
remained almost unchanged and showed the highest values under 
given nutrient strength of solution. Under natural light 
intensity, low nutrient solution strength induced a low value 
of root number/root length ratio while the other treatments 
did not show a significant difference. The morphological 
characteristics of plants treated with low nitrogen was such 
that leaves were small in size and number and showed typical 
nitrogen-deficiency symptoms. The roots were thicker in 
diameter, and longer with relatively few branches. This is 
reflected in root number/root length ratio shown in Fig. 
3.50. Full nutrition treatment showed high branching compared 
to low-calcium treatment. 
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3.5. Stem weight and leaf weight ratios 
Stem weight ratios are shown in Figs. 3.51-3.56 for 
Expts. 1-6. Different solution depths did not show clear 
trends of dry weight allocation to the stem even though the 
170mm treatment had a consistently higher value(Fig. 3.51) 
and 5mm treatment the lowest value. The proportion of the 
stem grown in low solution temperature treatment steadily 
increased(Fig. 3.52) while SWR values for high temperature 
treatment increased sharply reaching the maximum value at 
about 3rd harvest. This fact was clarified with the longer 
duration of temperature treatment in Expt. 3 (Fig. 3.53). 
It is clear from figure that SWR increased in response to low 
solution temperature, and that high solution temperatures 
lowered values. The effect of different solution strengths, 
depths and volumes on the SWR is shown in Fig. 3.54. As was 
found in Expt. 1, different solution depth did not induce a 
difference in dry weight allocated to the stem at a given 
solution strength. La~k of nutrient availability reduced the 
SWR. Values of SWR remained almost unchanged when 10% of 
natural light was imposed in both strengths of solution(Fig. 
3.55). At all given light levels, dry weight allocation to 
the stem was always higher in high strength of solution 
treatment, which agrees with the previous finding(Fig. 3.54). 
The effect of different levels of nitrogen and calcium on the 
SWR showed that lowering the nitrogen level significantly 
reduced the value of SWR while lowering calcium did not show 
any difference compared to full nutrition treatment(Fig. 3.56). 
The results of LWR from all the experiments performed are 
shown in Figs. 3.57-3.62. Different solution depth 
treatments failed to produce significant trends in LWR 
although treatments of 50 and 170mm showed consistently higher 
values throughout the experimental period(Fig. 3.57). 
Lowering solution temperature up to 12.5 1 C induced a gradual 
decrease in LWR(Fig. 3.58). High solution 
temperature(32.5 I C) treatment 
which LWR increased sharply 
showed a different pattern in 
followed by sudden decrease, 
resulting in no 
the 
differences between different solution 
temperatures at final harvest. Expt. 3 in v/hich 
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3.55. The effect of different solution ionic 
strengths and light intensities on the stem weight 
ratlo. 
full strength; o;full light 0;50% light 6;10% light 
5% strength; .;full light _;50% light ,.;10% light 
Fitted values derlved from Richards functlon are plotted with 95% confidence limits. 
Fig. 
en 
'-.... 
en 
0 
.,.... 
.j..) 
to 
~ 
.j..) 
..c. 
en 
OJ 
::: 
E 
OJ 
+J 
til 
0.5 
0.4 
0.3 
0.2 
0.1 
T 
o 1 2 3 
time(week) 
3.56. The effect of different levels 
calcium on the stem weight ratio • 
+;low-calcium *;low-nltrogen. derived from Richards function 
95% confidence limits. 
95 
4 5 
of nitrogen and 
• ,i.full nutrition 
ritted values 
are plotted with 
Fig. 
en 
" en 
0 
~ 
ro 
~ 
~ 
~ 
en 
.~ 
~ 
3 
4-
ro 
w 
0.7 
0.6 
0.5 
T 
o 1 2 
time(week) 
3 
96 
4 
3.57. The effect of different solution depths on the leaf weight ratio • 
• '170mm .;50mm .;5mm o'lmm Fitted values derivea from Richards function are plotted with 95% confidence limits. 
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3.58. The effect of different solution temperatures 
on the leaf weight ratio. *;12.5'C +;32.5'C. 
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experimental duration was longer than Expt. 2 showed that LWR 
was reduced when low temperature was applied compared to high 
temperature. The effect of different ionic strengths, depths 
and volumes on the LWR indicated that low strength treatment 
had considerably higher values than full strength with the 
exception of first harvest(Fig. 3.60). Generally, different 
solution qepths did not produce different values of LWR in a 
given solution strength. Plants grown under 10% natural light 
intensity showed that LWR remained constant(Fig. 3.61) as was 
in the case of SWR(Fig. 3.55). In 5% strength of solution 
treatment, full light treatment showed the lowest value of LWR 
with the exception of 1st harvest. In full strength of 
solution, however, 50% full light treatment showed steady 
decline in LWR whereas full light treatment showed rapid 
increase followed by rapid decrease resulting in symmetrical 
curve. Lowering nitrogen level increased the value of 
LWR(Fig. 3.62). Low-calcium treatment also showed higher 
values of LWR than full nutrition treatment~ 
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3.6. Root length/leaf area and root number/leaf number 
ratios 
Root length/leaf area ratios are shown in Figs. 
3.63-3.65 for Expts. 2, 5 and 6, respectively. It is clear 
in Fig. 3.63 that the effect of low solution 
temperature(12.5 I C) severely limited root length growth in 
comparision to leaf area growth while high solution 
temperature treatment(32.5 I C) favoured the root length growth. 
Fig. 3.64 shows that 5% full strength solution treatment 
significantly enhanced root length growth compared to leaf 
area growth under the full light and 50% full light 
treatments. However, lowering the light level to 10% full 
light level lowered the root length/leaf area ratio in both 
strengths of nutrient solution treatments. Lowering light 
level to 50% full light also favoured the leaf area growth in 
both strength treatments. Low nitrogen level in the solution 
alone(Expt. 6) showed a significant increase in ratio of root 
length/leaf area while full nutrition and low-calcium 
treatments showed almost same response with lower values. 
The trends of root number/leaf number ratio(Figs. 
3.66-3.68) are similar to those of root length/leaf area 
ratio. The effect of low solution temperature was to reduce 
the root number production compared to leaf number. Fig. 
3.67 shows that the stress imposed on the root favours the 
root number production while lowering the light intensity 
enhanced the leaf number production. As occurred in root 
length/leaf area ratio, lowering light level to 10% full light 
significantly reduced the ratio of root number/leaf number in 
both strengths of solution. Low nitrogen level in the 
solution(Fig. 3.68) also increased the value of the ratio. 
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3.7. Discussion 
The data in the present study support the generalized 
concept of dry weight partitioning documented by a number of 
authors(Dobben, 1962; Hegarty, 1973; Lambers and Posthumus, 
1980; Luckwill, 1960; Nelson, 1967; Nielsen and Humphries, 
1966; Pandey and Sinha, 1977; Szaniawski and Kielkiewicz, 
1982; Trought and Drew, 1981) that the allocation of dry 
weight by plants between the root and shoot is influenced 
differentially by the type of environmental stress to which 
the plant is exposed. Davidson(1969a, 1969b), Hunt(1975) and 
Hunt and Burnett(1973) are in agreement with these authors and 
observed that in experiments in which they examined the 
effects of different levels of shoot and root temperatures, 
light intensities and nitrogen levels, the root/shoot mass 
ratio followed a generalized concept that dry weight was 
preferentially allocated to the plant organ whose function was 
under stress. From these observations they proposed that 
externally induced decreases in the specific activities of 
root or shoot systems would tend to be compensated by an 
increase in the mass of the part of the plant whose function 
was under stress in order for it to maintain the balance 
between shoot and root activities. 
The environmental stresses employed in the present study, 
with the exception of low solution temperature(12.5 I C) 
treatment(Fig. 3.43), produced dry weight partitioning data 
which tend to support this concept. The discrepancy with low 
solution temperature may result from the fact that the 
critical temperature for minimal effective root growth of 
cucumber is thought to be about 15 I C(Cooper, 1973), and the 
low temperature treatment imposed in the present study was 
maintained below this level. The effect was that the growth 
of the whole plant was severely reduced even though the above 
ground temperature was highly favourable for shoot growth. 
Therefore the increase in the shoot/root mass obtained in the 
low root temperature treatment(Fig. 3.43) resulted from a 
relatively more severe reduction in growth of the root rather 
than a stimulation of shoot growth. 
.L .L .L 
The equation 3.2 derived empirically by Davidson(1969a, 
1969b) has been used by Hunt and Burnett(1973) and Hunt(1975) 
to describe the relationship between the function of the root 
and shoot. In addition to including a dry weight partitioning 
term(root/shoot mass ratio), it also includes two terms to 
describe the specific functional activities of the root and 
shoot; the specific absorption rate(SAR) and unit shoot 
rate(USR), respectively. Hunt(1975) in his studies showed 
that the USR decreased when plants were shaded but was 
unaffected by nitrogen deficiency. In the present studies 
when plants were grown in full strength nutrient solution 
shading had no effect on USR values(Fig. 3.36). Low levels 
of nitrogen however increased USR values(Fig. 3.37). 
The most significant discrepancy, however, between the 
present data and those of Hunt and Burnett(1973) is that 
shading to 10% of natural light increased the SAR with respect 
to the sum of the three elements, potassium, calcium and 
nitrogen(Fig. 3.40). Their data showed that low light 
intensity decreased the SAR values with respect to potassium. 
In the present study even plants grown in the low nutritional 
treatments and under 10% full light intensities showed higher 
SAR values than plants grown in full strength solution and 
full light treatments(Fig. 3.40). SAR represents the total 
ion or ions absorbed per unit dry weight per unit time and 
therefore it was surprising that plants supplied with only 5% 
of the ions available compared with full strength solution 
showed a higher SAR than those in the full strength solution. 
In fact, the percentage potassium was higher in the shaded 
plants although the roots grew poorly in terms of dry weight 
gain. 
Shading resulted in the plant allocating a higher 
proportion of its dry weight to shoot than the root which is 
in agreement with Hunt(1975) and Hunt and Burnett (1971). The 
argument made by Hunt(1975) and Hunt and Burnett(1973) infers 
that the increase in shoot dry weight resulting from shading 
can be compensated for by a decrease in SAR. However in the 
present study both the shoot dry weight and the SAR increased. 
Therefore it appears that for cucumber plants dry weight 
allocation and specific activities of the shoot and root when 
expressed as USR and SAR 
environmental stresses in the 
Burnett(1973) predicted. 
do 
way 
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not respond to various 
Hunt(1975) and Hunt and 
Nevertheless, it is possible that the discrepancies in 
SAR and USR between the present study and those of Hunt(1975) 
and Hunt and Burnett ' s(1973) studies may be associated with 
the fact that they used young perennial ryegrass seedlings 
which lacked significant stem tissue. They make the point 
that the use of equation 3.2 lIis likely to be valid for young 
grass plants or for dicotyledonous seedlings in which a very 
high proportion of the shoot dry weight is leaf material". By 
contrast the cucumber plants used in the present study had a 
high proportion of the shoot weight in the stem(Figs. 
3.51-3.56). They also assumed that most of the root system 
participated in absorbing nutrients and therefore dry weight 
of the root could be considered as the functional size of that 
organ. For cucumb~r, at least in the present study, the 
presence of stem can be a significant factor in its adaptation 
to environmental stress. Low root temperature treatment 
enhanced the proportion of dry weight in the stem(Fig. 3.53) 
and lowered the LWR(Fig. 3.59). Dilute nutrient 
solution(Fig. 3.54) and low-nitrogen(Fig. 3.56) treatments 
reduced the proportion of stem weight but increased the 
LWR(Figs. 3.60 and 3.62). Stem weight ratio(Fig. 3.55) and 
LWR(Fig. 3.61) remained unchanged throughout the experimental 
period when plants were grown in 10% of natural light. 
Consistently lower values of SWR were obtained in Expts. 
4(Fig. 3.54) and 6(Fig. 3.56), indicating that nutritional 
stress stimulated root growth at the expense of stem growth 
rather than leaf growth, thus preserving the photosynthetic 
potential of the plant while allowing the plant to explore the 
root environment. Most investigations of the role of the stem 
in over-all plant growth have been concentrated on cereals 
where the photosynthetic capacity of lamina and sheath is 
considered important ~in the overall carbon balance of the 
plant(Thorne, 1959) and with those deciduous trees and shrub 
species in which considerable net photosynthetic capacity of 
the stem is reported to occur(Perry, 1971). There is evidence 
however that the stem may play a significant role in the 
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storage of organic and inorganic dry weight. Richards and 
Rowe(1977a) observed that physically restricting the roots of 
pea c h (f.rU!! u ~ ~ e I"_~t ca L.) see d 1 i n g s did not i n t e r fer e wit h the 
role of the lower stem as a storage organ although this 
treatment did reduce the dry weight of the other organs of the 
plant. Loneragan et al (1968) in their paper on pasture plants 
demonstrated the role of the stem in the storage and 
distribution of calcium. Causton and Venus (1981) suggested 
that the high proportion of the dry weight allocated to the 
stem by sunflower(Helianthus annuus L.) reflected the best 
structural arrangement for such a high light demanding plant. 
It seems reasonable to assume that the stems of plants 
play an important role in the adaptive strategies and that the 
inclusion of the stem dry weight in the shoot weight when 
considering the functional relationship between the above and 
below ground parts of the plant is justified. However, Hunt 
and Burnett(1973) recognized the conceptual difficulty of 
including it when USR is used as the expression of specific 
shoot function. Richards(1977, 1981) and Richards et 
al(1979b) provided experimental evidence that under a wide 
range of environmental stress a functional equilibrium between 
the root and shoot does exist with a variety of species which 
contain a high proportion of the dry weight in the stem. 
However equation 3.2 is not a satisfactory expression of this 
relationship as it assumes that all the dry weight allocated 
to the shoot is involved directly in the photosynthetic 
activity of the plant. Similarly it assumes that all dry 
weight allocated to the root is directly involved in the 
nutrient and water absorbing activity of the root. A number 
of authors have questioned this assumption and there is 
considerable evidence to suggest that the absorptive activity 
of the root system is not shared uniformly by all parts of the 
root system. Therefore the assumption which is made in 
equation 3.2 that total dry weight of the root can be 
considered as the functional size of the root-systems is also 
open to criticism. 
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The poor empirical relationship between mass ratio and 
l/activity ratio (equation 3.2) with Expt. 6(different levels 
of nitrogen and calcium) and a reasonable relationship 
obtained with Expt. 5(different ionic strengths and light 
intensities)(Fig. 3.19) implies that the use of weight of 
roots as indicating functional size may not be appropriate for 
certain environmental stresses. Since root morphology is 
influenced by different environmental stresses, it is logical 
that the effective functional size of root may be different 
according to the differential root morphology. Localized 
application of nutrient induces the localized branching of 
root(Drew, 1975, 1976; Drew and Saker, 1975, 1978; Hackett, 
1968, 1972). In this case, the use of entire root weight 
would not represent this compensatory response of morphology 
and would not be an appropriate functional size. 
Apart from the possibility that, like the stem, part of 
the dry weight of the root may be available for storage, dry 
weight can be organized in morphologically different ways 
which may lead to a three dimensional structure which is more 
or less efficient in terms of absorption activity. 
Results 
length(Figs. 
shown in terms of root number and root 
3.47-3.50) showed that the form of environmental 
stress applied can have substantial effects on the 
morphological structure of the root. Shallow solution 
depth(Fig. 3.47) and low solution temperature(Fig. 3.48) 
enhanced the number of roots relative to the total length of 
the root system. High levels of nutrients in the root zone 
increased the root number/root length ratio(Fig. 3.50) in 
agreement with the data of Drew(1975) who worked with cereals. 
Low nitrogen solution treatment stimulated root elongation 
relative to root number, thus producing a decreased root 
number/root length ratio(Fig. 3.50). This is in agreement 
with the work of Bosemark(1954) which showed an inverse 
relationship between root development and_ nitrogen supply and 
he concluded that the increase in root length under nitrogen 
deficiency was primarily due to an increase in cell length and 
reduced cell multiplication. 
1 1 ~ 
The conclusion that dry weight alone does not adequately 
represent the functional root size can also be implied from 
the work of other authors. Veen(1977) concluded that neither 
root volume or root weight were as good parameters with 
respect to nitrate uptake by maize as root surface area. 
Expressions such 
correlated well with 
as root surface area/weight of 
potassium concentration in the 
p 1 ant 
shoot 
(Woodhouse et al, 1978). Similar expressions, such as root 
absorbing surface area/shoot weight were also used by 
Powell(1974) who found that when phosphorus levels increased 
roots became thicker and surface area/shoot weight ratio 
decreased. The phosphorus response was better correlated with 
this ratio than with the root/shoot mass ratio. Veen(1982) 
showed that mechanically impeded crown roots of maize resulted 
in up to a 50% increase in root diameter and a decrease in 
root length. 
As discussed earlier, using root dry weight to represent 
the functional size of the root ignores all the subtle 
responses which may affect root activity. Ferguson and 
Clarkson(1976) showed that calcium uptake and translocation to' 
the shoot occurred in the unsuberized zone near to the root 
apex. Absorption and translocation of nitrogen and potassium 
were less affected by the age of the root axes(Troughton, 
1981). This implies that surface area of unsuberized root 
would be a better functional size parameter for cal~ium, 
whereas total surface area of the root axes might be 
acceptable for nitrogen and potassium. As a result of these 
observations Troughton(1981) warned that nutrient absorption 
data obtained with young plants might be different from those 
obtained with older plants. Work by Graham et al(1974) in 
which water uptake by seminal axes and primary laterals was 
compared shows that water absorption is closely related to the 
morphology of the root. However, in some cases, mineral 
absorption does not appear to be related to root morphology. 
McLachlan and De Marco(1982) showed that total phosphorus 
uptake was not affected by such things as root weight, length 
or fineness. In light of these reports it is understandable 
that Hunt and Burnett(1973) were cautious about using equation 
3.2 which assumes that the entire root system is active in 
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absorption aciivity. The presence of a small number of roots 
on the stems induced by some treatments in the present 
study(see Appendix 3) had a significant effect on the growth 
of such plants. The fact that these "aerial roots ll existed 
above the nutrient solution negated their involvement in the 
absorption of mineral elements. However as shown in the 
Appendix 4, a linear relationship exists using equation 3.2 
only when the weight of those roots i~[ used in the SAR term. 
Such an anomaly can only be explained if it is assumed that 
root system has other functions in addition to absorbing 
nutrients and water. 
While Richards(1977, 1978) in his experiments with both 
equations 3.2 or 3.3 showed that an equilibrium relationship 
was established, a comparison of equations 3.2 and 3.3 in the 
present study describing the functional equilibrium 
relationship between shoot and root over a wide range of 
environmental conditions showed that equation 3.3 generally 
produced a better relationship than equation 3.2 throughout 
all the experiments. In the data from Expts. 2 and 3 as 
shown in Figs. 3.1-3.4 and 3.13, there were significantly 
graded lines produced, depending on the solution temperature. 
However, the relative value of slopes in each experiment was 
also different, i.e. in the Expt. 2 low solution temperature 
treatment showed a lower slope whereas in the Expt. 3 a 
higher slope. The higher slope of the line represents a 
relatively large increase in the root/shoot ratio in 
comparision to the small increase in l/activity ratio. In the 
case of Expt. 2, highly restricted root growth due to the 
sub-optimal solution temperature resulted in the high 
shoot/root ratio as shown in Fig. 3.43 and interestingly the 
percentage of potassium in the leaves showed the same values 
regardless of temperature treatments(Table 3.1). However, in 
the case of Expt. 3, a relatively large increase in 
l/activity ratio was accompanied by a small increase in 
root/shoot ratio when high temperature was applied, producing 
a lower slope. This may be due to the fact that the duration 
of Expt. 3 was much longer and solution depth treatments were 
imposed. The longer duration of the experiment with shallow 
depth of solution(5mm) eventually created plants with a large 
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proportion of their root system exposed to the air. The 
exposure of part of the root system in the shallow treatment 
coincided with a drop in the percentage of potassium in the 
leaves as shown in Table 3.2. The implication is that the 
exposure of part of the root system to the air leads to a 
reduced uptake of potassium by the plant. Combined with an 
increase in the proportion of dry weight allocated to the root 
relative to the shoot this leads to a decrease in the SAR in 
the equation 3.2 and thus producing the lower slope of the 
1 i n e. 
Equation 3.2 provided tolerable relationships when 
different levels of ionic strength of solution(Fig. 3.16) and 
light intensity(Fig. 3.19) were applied. While equation 3.3 
produced a good relationship when different temperatures were 
applied, there existed significantly different gradients, 
depending on the root environment, for example low versus high 
ionic strength(Figs. 3.17 and 3.20) and the different levels 
of calcium(Fig. 3.26) and nitrogen(Figs. 3.29 and 3.32). 
The problem associated with clustering of points near to the 
origin due to poor plant growth was inevitable when equation 
3.3 was used. But as can be seen in Fig. 3.26, this problem 
can be completely overcome and there existed significantly 
different gradients with well scattered points along the 
fitted line, one being low-calcium and the other being high 
calcium treatment. It is concluded that both equations failed 
to establish the functional equilibrium relationship with 
calcium(Figs. 3.25 and 3.26) when different levels of calcium 
were applied. Hence, as was pointed out by Chung et al (1982), 
equation 3.3 may be of biological significance in that 
cucumber plants adapt to nutritional stress by decreasing 
uptake of elements relative to its total dry weight(Figs. 
3.17, 3.20, 3.26, 3.29 and 3.32). 
The possibility of a two line relationship with respect 
to equation 3.2 was acknowledged by Hunt(1976) even though the 
data fitted well with a single linear line. Richards(1978) 
also showed that there existed clearly graded lines, w)th 
respect to equation 3.3, depending on the levels of 
6-benzylaminopurine applied to the peach plants. The dilemma, 
however, as shown in the present studies is that significantly 
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graded lines exist and data could not be fitted with one line, 
while a functional equilibrium relationship infers a single 
line relationship. Moreover, the relative value of the slope 
also varied when different sets of data with the same 
treatments were examined(Expts. 2 and 3). 
Thorn1ey(1977) claimed that equations 3.2 and 3.3 may be 
mathematically the same, because the multiplication of the 
same factors into both sides of equation 3.3 eventually 
produces equation 3.2. However, the basic reasoning for each 
equation was different, in that Hunt(1975) derived his 
equation empirically from the suggestions put forward by 
Davidson(1969a, 1969b) while Thornley(1972) derived his 
equation theoretically. The argument between Hunt(1976, 1977) 
and Thornley(1975, 1977) appears to be that Thornley 
emphasizes the mathematical relationship and Hunt prefers to 
find the biological signific~nce. From the biologist's point 
of view, it is more interesting to determine the mechanism of 
adaptation in which activities of shoot and root can be 
investigated rather than the precise estimation of the 
relationship itself. In addition to the non-existence of an 
equilibrium relationship, the kind of precision in equation 
3.3 seems guaranteed to produce a better relationship because 
total weight of elements is calculated by multiplication of 
the total weight of plants by the percentage of elements in 
the plants. Hence, the prime controlling factor in equation 
3.3 is the total plant dry weight regardless of the importance 
of partitioning of dry matter between shoot and root and of 
the different specific activities of each organ. While 
conflicts between Hunt(1979, 1981) and Thornley(1980) have 
been extended on the matter of empirical versus mechanistic 
models, the present experimental results showed that neither 
equation satisfactorily established a functional equilibrium 
relationship between shoot and root. 
The 
markedly 
equat i on 
equation proposed empirically by Chung 
improved the functional relationship 
3.2 while it showed virtually the same 
et al(1982) 
compared to 
result as 
equation 3.3 when different solution temperatures were 
applied(Figs. 3.9-3.12). When equation 3.3 produced 
significantly graded lines according to the root 
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environment(Figs. 3.17, 3.20, 3.26, 3.29 and 3.32), equation 
3.5 showed a good single line relationship(Figs. 3.18, 3.21, 
3.30 and 3.33) with the exception of calcium in the Expt. 
6(Fig. 3.27). Therefore it is apparent that equation 3.5 
represents a better functional equilibrium relationship 
between shoot and root than the other two equations, at least 
with cucumber. The experimental results with respect to 
equation 3.3, published by Chung et al (1982, see Fig. 1a in 
Appendix 6) contained a problem in that the data produced with 
low solution strength treatment did not show a large enough 
range and had clustered points even though slope of the line 
was significantly different from full strength solution 
treatment{Fig. 3.17). At the same time, results plotted in 
the form of equation 3.5 also produced a clustering of points 
near to the origin, due to poor plant growth(Fig. 3.18). 
However, these difficulties arlslng from a poor data 
range{with equation 3.3) and clustering of points(with 
equations 3.3 and 3.5) were partly solved in Expts. 5 and 6. 
The results obtained from Expt. 5 not only confirmed those of 
Expt. 4 that different slopes of the lines were based on root 
environment with respect to equation 3.3, but also solved the 
problems associated with the linear regression in that the 
line produced with low ionic strength treatment covered a 
greater range of data points(Fig. 3.20). The result obtained 
with equation 3.5 also showed an improvement in terms of 
actual data pOints along the fitted line(Fig. 3.21). Results 
of Expt. 6 with respect to calcium uptake(Fig. 3.26) with 
equation 3.3 also confirmed the previous findings in that the 
fitted line was longer and the different slopes of the 
regression lines were related to the nutrient level of the 
treatment. 
The effect of environmental stresses employed in the 
present studies such as ionic strength, nitrogen level and 
light intensity on the ratio of root length/leaf area(Figs. 
3.63-3.65) and root number/leaf number(Figs. 3.66-3.68) 
showed similar trends as the shoot/root ratio shown in Figs. 
3.42-3.46. Low solution temperature severely restricted both 
root length and root number growth(Figs. 3.63 and 3.66). 
However, the degree of reduction in absolute leaf number in 
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low solution temperature treatments was 4 times less than leaf 
area growth at the final harvest compared to high temperature 
treatments. Lowering ionic strength of the solution 
significantly increased the ratios of root length/leaf 
area(Fig. 3.64) and root number/leaf number(Fig. 3.67), but 
the degree of reduction was always greater in leaf area than 
in leaf number suggesting that the root length growth was 
achieved at the expense of leaf area growth. This was 
confirmed again in Expt. 6 in which lowering the nitrogen 
level also favoured the growth of root length(Fig. 3.65) and 
root number(Fig. 3.68), but the reduction in leaf area in 
low-nitrogen treatment was about twice that of leaf number. 
From these observations, it seems clear that the form of 
stress can be expressed in terms of morphological 
relationships between shoot and root. It is acknowledged that 
such morphological relationships are essentially based on 
empirical hypothesis. However, these relationships can be 
biologically significant because surface area is the basic 
parameter for absorption of mineral elements and CO and it 
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was considered in the present studies that the length of roots 
would provide a good approximation of the surface area of the 
root system. The involvement of root hormones produced in the 
root tip(number of roots in the present studies) may also be 
implicated in shoot differentiation and production of new 
leaves(Atkin et al, 1973; Barlass and Skene, 1980; Skene, 
1975). Comparative reduction in leaf area and in leaf number 
when low solution temperature was applied as discussed earlier 
suggests that the resources available in the shoot are 
primarily used in the production of leaf number rather than in 
leaf area. The final outcome of the shoot morphology was 
therefore to maintain leaf number production with small 
individual leaf area. Changes in root and leaf morphology 
therefore appear to be intimately associated with the plants 
adaptive strategies when under stress. 
That the root morphology is an important factor in 
absorptive function is well recognized. However, the effect 
of differential shoot morphology on the shoot functioning has 
been less understood, the conventional measurement being shoot 
dry weight. A typical example of this is the plant growth 
analysis technique(Evans, 1972; Hunt, 1978) which assumes 
equal photosynthetic capacity of all leaves. However, there 
is evidence that different shoot morphology affects CO 
2 fixation. Austin et al(1976) showed with wheat(Triticum 
aest_ivum L.) that the photosynthesis was greater when the 
upper leaves are erect. Hopkinson(1964) presented evidence 
that the leaves of cucumber differ in the pattern of import 
and export of carbohydrates. As Bazzaz and Harper(1977) 
suggested, it is necessary to IIbreak down ll the crude 
phenomenon of growth into various components to study the 
influence of environmental stresses. Demographic analysis 
concerned with the number of plant modules was developed with 
forest trees(Lovett Doust, 1981) and shrubs(Kempf and Pickett, 
1981). Porter(1983a, 1983b) emphasizes the necessity of 
considering the whole plant morphology and development in 
terms of changes in the numbers, not only the size. While 
Bazzaz and Harper(1977), and Porter(1983a, 1983b) acknowledged 
the effect of shoot morphology on the efficiency of shoot 
functioning, the consequences of the changed aerial 
environments on root morphology were not studied. It is 
suggested that the direct effect of environmental stresses may 
be better understood in terms of morphological responses in 
shoot and in root which may affect the efficiency of the 
organ. This concept is supported by Brom'ler(1977) who pOinted 
out that the use of dry weights of shoot and root in 
functional equilibrium equations lacks biological significance 
due to the fact that dry weight alone does not account for 
subtle morphological relationships and their influence on the 
function of other organs. 
The basic concepts of using ratios of root number/root 
length and leaf number/leaf area used in equation 3.5 are two 
fold. First, these ratios are useful descriptions of the 
morphological response of both organs as they are an index of 
the three dimensional nature of shoot and root structure. 
Second, intimate morphological relationship between shoot and 
root, rather than dry weight alone, exists as shown in Figs. 
3.63-3.68. It is noted that the relationship between 
morphology of shoot and root showed similar trends to weight 
terms(Figs. 3.42-3.46). However, it can be argued that root 
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length and root number are broadly correlated with root dry 
weight because their existence depends on structural dry 
weight. But because of the complexity of the morphological 
adaptation of the root system to different environmental 
stresses the relationship between dry weight and each of these 
parameters will change according to the stress applied. 
Experimental results shown in Figs. 3.63-3.68 confirm this 
view, i.e. the effect of low solution temperature in which 
lack of root extension growth(Fig. 3.48) was matched by the 
shoot having small leaf area with relatively high leaf number, 
while the lowering of light intensity increased the leaf area 
growth at the expense of root length. From these 
observations, morphological descriptions were included in the 
equation 3.3, which became equation 3.5 to test the hypothesis 
that the functions of root and shoot are derived from their 
differential morphology. This hypothesis was supported by 
experimental results with equation 3.5 in this Chapter which 
showed a better relationship than equations 3.2 and 3.3(Figs. 
3.18, 3.21, 3.30 and 3.33). 
~ Equation 3.5 implies that absorption and translocation of 
particular elements seems not the sale activity of particular 
components of equation 3.5. Measurement of root parameters 
such as root fresh weight, root dry weight, root length and 
root surface area by Sachan and Sharma(1981) with the 
calculation of amount of calcium in the leaves may be 
misleading because of the effect of the shoot in absorption 
activity of root. If the absorption and translocation of 
calcium is solely dependent on the root morphology, then the 
claim made by Sachan and Sharma(1981) for estimating root 
length by simply measuring calcium content may be correct. In 
fact, 
length 
graded 
regression analysis 
and calcium content in 
lines(see Appendix 
photosynthate manufactured in 
on the relationship between root 
the shoot showed two clearly 
5). The argument is that 
the leaves can be primarily used 
in the root if the demands from roots are high and at the same 
time any particular element can be easily absorbed and 
translocated to the shoot if the demands from shoot are in 
excess of roots. The concept of demand on the functional 
equilibrium relationship will be discussed in Chapter 4. It 
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is acknowledged that equation 3.5 is a highly empirical 
equation at this stage, but it represents the involvement of 
morphological structures in the total activities of shoot and 
root. 
In conclusion, equation 3.5 was a superior expression of 
the functional equilibrium relationship between shoot and root 
with the exception of data on calcium. The probable reason 
for the poor relationship obtained from equation 3.2 may be 
the fact that the specific activities of root(SAR) and 
shoot(USR) did not follow the prediction that Davidson(1969a, 
1969b), Hunt(1975) and Hunt and Burnett(1973) made. They 
assumed that the 
specific functions. 
entire shoot and root participate in their 
However, it is argued that the best 
estimate of the the functional size of root may not be the 
root dry weight. Equation 3.3 may be used to describe the 
biol'ogical significance produced from two line relationships. 
The inclusion of morphological characteristics such as used in 
equation 3.5 expresses a wide range of possible adaptation 
processes by both shoot and root. 
CHAPTER 4 
THE IMPLICATION OF SOURCE-SINK RELATIONSHIPS 
ON THE FUNCTIONAL EQUILIBRIUM 
RELATIONSHIP BETWEEN SHOOT AND ROOT 
4.1. Introduction 
124 
In the empirical equation proposed by Davidson(1969a, 
1969b, equation 3.1) and subsequently used by Hunt(1975, 
equation 3.2) and Hunt and Burnett(1973), the specific 
absorption rate and the unit shoot rate represent the 
activities of the source of mineral uptake and photosynthetic 
products, respectively. The form of the equation embodies the 
basic concept that the ~ctivity of each source is dependent on 
its mass. The equation 3.5 developed by Chung et al (1982) 
involves essentially the same concept but introduces an 
additional idea first proposed by Richards and Rowe(1977a, 
1977b) that the functional size of the root or shoot is better 
approximated if the equation includes the morphological terms 
of root number and length and leaf number and area. As shown 
in the previous Chapter, equation 3.5 described the adaptive 
growth of cucumber under a wide range of environmental 
stresses, better than the Davidson(1969a, 1969b) and 
Hunt(1975) equation and provided a much better description of 
some of the biological processes involved in adaptation of 
cucumber plants than the simpler equation proposed by 
ThornleY(1972). 
Warren-Wilson(1972), Wareing and Patrick(1975) and 
Herold(1980) proposed that for balanced plant growth the 
activity of the source had to be equal to the demand of the 
sink. The equations proposed by Davidson(1969a, 1969b), 
Hunt(1975) and Thornley(1972) appear to encompass this concept 
as they assume~that the maintenance of the balanced function 
of the shoot and root is achieved by the plant directing dry 
weight to and/or adjusting the morphology of the organ whose 
function is under stress. 
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The problem, however, is that these equations do not 
incorporate the notion that the specific activity of the root 
or shoot as a source is influenced by the demand in the 
opposite organ acting as a sink for the products of the 
function of the opposite organ. The difficulty arises from 
the fact that the root and shoot, as a result of their 
metabolic activities, growth and storage potential, can be 
both source and sink at the same time. The idea that sink 
demand has a strong influence on the activity of the source 
finds considerable support in the literature. 
Hatrick and Bowling(1973), after measuring the 
respiration rate of roots and nutrient translocation, 
concluded that nutrient uptake by barley and sunflower roots 
is regulated by the activity of the photosynthetic parts of 
the plant. Pitman(1972) showed that potassium transport was 
directly proportional to the relative growth rate of the shoot 
in barley. Nye and Tinker(1969) introduced the concept of 
plant demand in which the "driving force" for absorption at 
the root surface is provided by the growth of the plant. 
Cumbus and Nye(1982) demonstrated that the effect of low 
s~lution temperature was not mediated through the shortage of 
nitrogen but the consequent low demand of the shoot which 
exerted a controlling influence on the nitrate uptake through 
the available root. Further evidence was shown by 
Jeschke(1982) that the root of barley can increase its rate of 
ion uptake and xylem transport in response to demands of the 
shoot. Humphries and Thorne(1964) showed that photosynthesis 
and respiration of dwarf bean(Phaseolus vulgaris L.) decreased 
when root growth was inhibited and indicated that the size of 
the root, which is a sink for photosynthesis, is correlated 
with the activity of the shoot. This demand concept was also 
shown by Richards and Rowe(1977a, 1977b), who demonstrated 
that the controlling mechanism of water uptake by the peach 
plants is not by dry weight accumulation but rather involves 
the transpirational conditions and the leaf area. The 
implication is that water absorption is a function of leaf 
area rather than that of size of the root system. By 
comparing different varieties of sweet potato, Hahn(1977) 
clearly showed that carbon assimilation and translocation rate 
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were markedly influenced by sink activity. Thorne and 
Koller(1974) also concluded that source-leaf photosynthesis 
rate and carbohydrate export were markedly influenced by 
assimilate demand in other parts of the plant. The work of 
others(Barber, 1979; Wild and Breeze, 1981; Drew and Saker, 
1978) indicate that nutrient absorption is influenced by the 
demand of the plant created by additional growth and a 
feedback mechanism exists which coordinate the functional 
activities of the shoot and root. 
Herold(1980) proposed that this feedback mechanism may be 
mediated by three factors; hormones, carbohydrate 
accumulation and orthophosphate concentration, which act as 
messengers in coordinating the shoot and root interactions. 
Hormones, in particular, have attracted much attention. It 
has been suggested by numerous authors that shoot development 
is dep~~dent on hormonal production in the root. Direct 
) 
evidence that the root supplies the vital signal for protein 
metabolism was shown by Chibnall(1954) when he~ demonstrated 
that senescence of runner bean leaves was arrested if 
adventitious roots grew on the petioles. Exogenous 
application of cytokinin to Xanthium leaves prevented the 
degeneration of protein and chlorophyll and thus replaced the 
effect of the presence of roots(Richmond and Lang, 1957). 
Moreover, cytokinin levels in the shoot appear to exert 
control over the shoot growth. Horgan and Wareing(1980) found 
that there ~as a rapid stimulation of growth of inhibited 
shoot apices and lateral buds after external application of 
cytokinins to nitrogen-deficient birch seedlings, indicating 
that apical dominance was mediated through endogenous 
cytokinin produced in the root. Jeschke(1982) also indicated 
that the incr~ased xylem transport of K and Na in barley 
plants 'in which a high shoot/root ratio was induced was 
created by an increased demand in the shoot mediated through 
cytokinin. 
The clearest experimental evidence that the demand by the 
shoot affects the absorption activity of root was shown by 
Clarkson(1981) with tomato and Lee(1982) with barley, who 
concluded that the rate of phosphorus uptake by plants was 
influenced by the nutritional history of the plant; the 
1 L / 
uptake rate being higher where plants were previously 
phosphorus stressed. ~his is in agreement with the 
observation of Graham and Bowling(1977), who, after observing 
the effect of light, darkness, ringing, excision and 
externally supplied sucrose, suggested that membrane 
potentials of root cells closely related to processes going on 
in the whole plant, not just in the root. This kind of 
integrated response of plants influenced by various 
environmental conditions can be seen in Fig. 4.1 drawn by 
LUttge and Higin~otham(1979) after Cram and Pitman(1972) and 
Pitman(1972). It infers that information from the shoot can 
be transmitted to 
Experimental evidence 
studies support this 
expressed in terms of 
the root stimulating ion-uptake. 
obtained from Expt. 5 in the present 
view. The specific root activity 
SAR(Fig. 3.40) showed that the plants 
grown under a given strength of nutrient solution with 10% 
full light intensity had the highest percentage of potassium 
and calcium and hence the highest SAR value. Light stress 
enhanced the root absorption activity, exceeding that of 
plants grown under solution strength 20 times higher and under 
full light intensity. The inference is that plants are able 
to regulate the absorption of ions from the diluted solution 
to match the demand of the shoot. Clarkson(1982) argued that 
maximum affinity of the ions is not fixed and showed that 
affinity can far exceed these maximum values in response to 
the demand of shoot. He concluded that the physiological 
condition of the plant affects the absorption activity of root 
contradicting the long-held hypothesis that nutrient uptake 
was controlled solely by the ion concentration outside the 
root. 
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Fig. 4.1. Model for commmunication and coupling between 
shoot and root drawn by LUttge and 
Higinbo~ham(1979) after Cram and Pitman(1972) 
and Pitman(1972). 
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As shown by the data in ~ig. 3.37 low nitrogen levels in the 
solution enhanced the specific shoot activity expressed as 
USR. Nutritional stress imposed on the root was mediated 
through the increase in the specific activity of the shoot. 
This is contradictory to the view of Davidson(1969a~ 1969b) 
and Hunt(1975) who proposed a functional equilibrium based on 
the equations 3.1 and 3.2. 
The present experimental results and the observations of 
other workers such as Pitman(1972), Jeschke(1982), Lee(1982) 
and Clarkson(1982), therefore, indicate that specific activity 
of one organ is influenced by stress applied to the opposite 
organ. Consequently, total root activity may be described by 
the following equation, 
shoot mass x specific root activity=total root activity--4.1 
By the same principle, total shoot activity may be expressed 
as, 
root mass x specific shoot activity=total shoot activity--4.2 
Based on the assumptions made by Davidson(1969a, 1969b), 
Hunt(1975) and Thornley(1972), equations 4.1 and 4.2 may be 
equated, and become; 
shoot mass x specific root activity a root mass x specific 
shoot activity-------------------4.3 
Expressing the equation in the terms proposed by Hunt(1975, 
1976), the following equation may be derived. 
shoot/root ratio ai/activity ratio(SAR/USR)------------4.4 
While the form of equation 4.4 is simply the reciprocal of 
mass ratio in the equation 3.2, the basis of deriving it is 
entirely different from that put forward by Davidson(1969a, 
1969b). It implies that absorption and translocation of 
minerals are not solely under the control of the root, and 
carbohydrate production may not be solely under control of the 
leaves. In agreement with Drew and Saker(1978), Gersani et 
al (1980), Jeschke(1982) and Pitman(1972), it recognizes that a 
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feedback mechanism exists between the shoot and root which 
influences the function of the opposite organ. 
Equation 4.3 may be rewritten in the form of following 
equation, 
(plant mass/shoot mass/day) x root mass a ("k "/root mass/day) 
x shoot mass--------------4.5 
where "kll represents ion(s) or compound(s) taken up by plants. 
After cancelling the l/day from both sides of equation, the 
following equation may be derived, 
(plant mass) x (root mass) x (root mass) a "kl! X (shoot mass) 
x (shoot mass)---------------4.6 
It is difficult to deduce, at least at this stage, any 
specific biological significance with particular respect to 
the square of root and shoot mass in equation 4.6. However it 
is the mathematical result of using shoot and root mass as 
their functional sizes, as suggested by Davidson(1969a, 1969b) 
and Hunt(1975) when multiplied by size of opposite organ 
provided two conditions are accepted. Firstly, SAR and USR 
realistically represent the specific activities of root and 
shoot. Secondly, equation 4.6 is another way of expressing 
equation 4.4. Equations 4.4 and 4.6 may be viewed as 
different equations as considered in the Chapter 3 with 
respect to equations 3.2 and 3.3, and the only important 
difference between equations 4.4 and 4.6 compared to 3.2 and 
3.3 being the multiplication of the mass of the opposite organ 
with the specific activities of organ being considered. 
In this Chapter, experimental data will be presented 
using equations 4.4 and 4.6 to see whether they represent 
functional equilibrium relationships between shoot and rOQt 
better than the equations discussed in the Chapter 3. 
Where a curvi-linear relationship results from plotting 
the data, the following equation is used, 
b 
Y=aX ---------------4.7 
where Y is the 
ratio(SAR/USR) and 
shoot/root ratio, X is the l/activity 
a and b are the constants. This curve is 
1 J L 
fitted to the data by fitting a straight line through the 
log-transformed data, 
log(Y)=log(a) + b.log(X) ------------4.8 
Since the argument was made in the previous Chapter that SAR 
and USR were not good representations of the specific 
activities of root and shoot in the case of Expt. 2(different 
solution temperatures) and Expt. 6(different levels of 
nitrogen and calcium), only Expi. 4(different levels of ionic 
strengths, depths and volumes) and Expt. 5(different levels 
of ionic strengths and light intensities) in which equation 
3.2 showed a tolerable relationship were used to test the 
validity of equation 4.4 with respect to the total sum of 
measured ions. In the case of equation 4.6, total sum of 
measured ions will be used with the experimental data obtained 
from Expts. 2, 4, 5~ and 6. In addition, these two equations 
were applied to the data with respect to calcium uptake from 
Expt. 6 to see if a functional relationship exists since, as 
shown in Chapter 3, equations 3.2, 3.3 and 3.5 failed to 
satisfactorily describe a relationship. 
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4.2. Results 
Data from Expt. 4(different ionic strengths, solution 
depths and volumes) plotted on the basis of equation 4.4 with 
respect to the sum of K and Ca uptake are shown in Fig. 4.2. 
It is clear that curve produced is not linear. The 
correlation coefficient calculated from fitting equation 4.8 
was -O.811. Results plotted with individual elements also 
showed curvi-linear relationships. 
Results obtained from Expt. 5(different ionic strengths 
and light intensities) using equation 4.4 are shown in Fig. 
4.3. As in Fig. 4.2, the relationship plotted with respect 
to the sum of K, Ca and N uptake was clearly curvi-linear with 
a correlation coefficient(r=-O.986) calculated from fitting 
data to equation 4.8. 
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Data from Expt. 2(different solution temperatu re) 
plotted using equation 4.6 with respect to the sum of K, Ca 
and N uptake showed a linear relationshi~(r=O.995)(Fig. 4.4). 
Figures 4.5 and 4.6 which represent data plotted from Expt. 
4(different ionic strengths, solution depths and volumes) with 
respect to the sum of K and Ca uptake and Expt. 5(different 
levels of ionic strengths and light intensities) with respect 
to the sum of K, Ca and N uptake produced two lines which were 
significantly(p<O.05) different and were dependent on the 
ionic strengths in both experiments. The .line with the 
steeper slope represents the low strength of solution 
treatment. Plotting the data from Expt. 6(different levels 
of nitrogen and calcium) with respect to the sum of K, Ca and 
N uptake showed a significantly(p<O.05) different three line 
relationship(Fig. 4.7); the highest gradient being 
low-nitrogen treatment and the lowest low-calcium treatment. 
Points near to the origin on Figs. 4.5, 4.6 and 4.7 are shown 
overlays. 
Equations 4.4 and 4.6 were used to plot the data of 
calcium uptake in Expt. 6(different levels of calcium and 
nitrogen) which showed no equilibrium relationship with the 
equations used in the Chapter 3. Equation 4.4 did not show a 
good relationship (Fig. 4.8). It can be seen in Fig. 4.9 
that there are three lines which are significantly 
different(p<O.05) depending on the levels of calcium and 
nitrogen applied. 
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4.3. Discussion 
Central to the hypothesis of Davidson(1969a, 1969b) and 
Hunt(1975, 1976), as expressed in the empirical equation 3.2, 
is the assumption that the 
the root and shoot of 
proportion by the relative 
partitioning of dry weight between 
the plant is controlled in inverse 
rates of nutrient absorption and 
photosynthesis and it also assumes that the specific root and 
shoot activities are solely dependent on their masses, 
respectively. As previously discussed in Chapter 3, the 
results of the present experiments throw serious doubts on 
these assumptions. 
The good relationship obtained in terms of correlation 
coefficients when the data were plotted as shoot/root ratio 
against l/activity ratio as shown in Figs. 4.2 and 4.3, 
although the form of curve produced was not linear, provides 
further evidence that the assumptions made by Davidson(1969a, 
1969b) and Hunt(1975, 1976) do not apply with cucumber plant. 
While it is acknowledged that the equation 4.4 is the 
reciprocal of equation 
equation is based on 
Davidson(1969a, 1969b) 
3.2 in terms of 
a different 
and Hunt(1975, 
mass ratio, the former 
biological concept. 
1976) used the dry 
weight of organs as a measure of their functional sizes. 
Equation 4.3 assumes that the size of the shoot and root 
represents physiological conditions prevailing in the plant 
which affects the specific functions of each organ independent 
of their mass. The argument is that the form of equation 3.2 
does not acknowledge the intimate inter-dependence of the 
specific functions of the shoot and root upon each other. It 
is acknowledged that root/shoot ratio used in the equation 3.2 
may be biologically significant explaining the dry weight 
partitioning once the specific functions of shoot and root are 
measured. However, a serious limitation lies in the 
assumption that the entire shoot and root always participate 
in their respective photosynthetic and absorption activities, 
resulting in the root/shoot ratio. 
It can be seen in Fig. 3.45 that the degree of increase 
or reduction in the shoot/root ratio was not proportional to 
the available light levels. The difference in the shoot/root 
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ratio between full light and 50% full light treatment was 
small while the increase in shoot/root ratio was much higher 
under 10% full light treatment, implying that a until certain 
light level, the decrease in shoot/root ratio is small. It 
appears, therefore, that there exist critical light levels 
which affect the dry weight distribution significantly. At 
the same time, the difference in the values of SAR between 
full light and 50% light treatment was negligible whereas 10% 
full light treatment increased the values of SAR 
significantly(Fig 3.40). As Oavidson(1969a, 1969b), 
Hunt(1975, 1976), Thornley(1976, 1977) and 
Charles-Edwards(1982) admit, equations 3.1 and 3.2 were 
empirically derived from the experimental results in the hope 
that the effect of particular stress imposed on shoot and/or 
root will satisfactorily predict the dry weight partitioning 
of shoot and root resulting from their differences in the 
specific activities. Hence, the type of curve or line should 
explain the response of the plant adequately. In the light of 
this argument, it is noted that the form of a curvi-linear 
plot shown in Fig. 4.3 rather than a linear plot is a better 
representation of the dry weight partitioning pattern. 
Therefore, it is concluded that the form of the equation which 
includes the shoot/root ratio(equation 4.4) represents the 
biological response of the plant better than when root/shoot 
ratio(equation 3.2) is used. 
While the biological significance of equation 4.6 i s 
difficult to appreciate, it is interesting to note that the 
additional parameters used made little difference compared to 
the original equation 3.3 proposed by Thornley(1972). The 
values of the correlation coefficient obtained from equation 
4.6(r=O.995, Fig. 4.4) is comparable to the one obtained from 
equation 3.3(r=0.997, Fig. 3.8), and both equations showed a 
single line relationship. Figures 4.5 and 4.6 also showed 
much the same results when compared to Figs. 3.17 and 3.20 in 
that significantly graded lines are produced depending on the 
ionic strengths of solution(Expts. 4 and 5) rather than light 
intensities(Expt. 5). Figure 4.7 also showed that there are 
significantly different lines depending on the treatment, a 
situation similar to the data shown in Fig. 3.32, indicating 
I 
144 
that there was little difference whichever mass ratio was 
used. However, as discussed in the Chapter 3, the use of SAR 
and USR as specific activities of root and shoot was 
responsible for the two line relationship observed. Similarly 
the three line relationship based on equation 4.6 as shown in 
Fig. 4.9 was not different to that achieved using equation 
3.3(Fig. 3.26). Hence, there is no more justification for 
accep~ing the assumptions contained in the equations used by 
Davidson(1969a, 1969b) or Hunt(1975, 1976) than there is 
accepting the demand concept which is the basis of equations 
4.3 and 4.4. 
There is considerable evidence to support the suggestion 
that the activity of source is closely related to the demand 
of sink. Tollenaar and Daynard(1982) showed that a delicate 
balance existed between source and sink during the 
grain-filling period of maize. In soybean, treatments 
altering source/sink ratio such as. partial defoliation and 
shading also alter the rates of photosynthesis (Alderfer and 
Eagles, 1976; Fellows et al, 1979; Peet and Kramer, 1980; 
Thorne and Koller, 1974). Wardlaw and Moncur(1976) also 
showed that there is a close relationship between the 
requirement for assimilates by the ear of wheat and speed of 
their movement through the peduncle to the ear. However, in 
the case of shoot and root relationships, it is difficult to 
define source and sink because they can both act as source and 
sink at the same time. Viewing whole plants in terms of 
source-sink relationships, the equality of the source 
strength(production of assimilates) and sink 
strength(utilization of assimilates) is only justifiable if 
the proportion of assimilates stored is 
negligible(Warren-Wilson, 1972). This fact is compatible with 
the assumption made by Hunt and Burnett(1973) and Hunt(1975) 
that equation 3.2 is applicable to young plants which have 
little storage material. In the context of a balanced 
source-sink relationship, Davidson's(1969a, 1969b) hypothesis 
shown in equation 3.1 is only applicable when the entire shoot 
and root are presumed to actively participate in 
photosynthesis and absorption and negligible shoot or root dry 
weight is in a stored form. 
The concept that the driving force for the absorption of 
ions at the root surface is created by the growth of plants, 
as claim~d by Nye and Tinker(1969) and supported by other 
authors (Fitter and Hay, 1981; Pitman, 1972; Woodhouse et 
al, 1978) basically contradicts Davidson's(1969a, 1969b) 
hypothesis because the form of equation 3.1 does not take into 
account the integrated response of the plant. Clarkson(1982) 
presented evidence that the nutrient uptake is closely related 
to the rate of growth and suggested that metabolic or growth 
demand regulates the rate of nutrient uptake. Therefore, it 
is argued that Davidson's (1969a, 1969b) hypothesis expressed 
in terms of equation 3.1 supported by others such as Hunt and 
Burnett(1973), Hunt(1975, 1976), Thornley(1972, 1982), 
Charles-Edwards (1982), Richards(1977, 1981) and Richards et 
al(1979) may require further examination in the light of the 
following conclusions from the present studies before it can 
be accepted as a generalized equation for non-seedling 
cucumber plants. 
First, the specific activities of shoot and root did not 
follow the predictions that Hunt(1975) and Hunt and 
Burnett(1973) made. Instead, specific activities of an organ 
were more closely related to the physiological conditions of 
the opposite organ whose function was under stress as 
discussed in Chapter 3. 
Secondly, it was equally valid to use shoot/root ratio as it 
was to use root/shoot ratio to describe the functional 
relationship between roots and shoot. Therefore, 
partitioning between shoot and root did not 
predictions Hunt(1975) and Hunt and Burnett(1973) 
dry weight 
follow the 
made. 
The experimental results obtained from Expt. 5 showed 
t~at the lack of light in the shoot environment resulted in a 
high shoot/root ratio(Fig. 3.45) and this physiological 
indication of the plant was revealed as high demand for the 
nutrients, which was reflected in high specific function of 
root expressed as SAR(Fig. 3.40). Cumbus and Nye(1982) 
concluded that the effect of low solution temperature was to 
lower the demand of the shoot controlling the nitrate uptake 
and that the slow growth rate of rape(Brassica napus L.) at 
low temperature was not due to the shortage of nitrogen in the 
14b 
shoots. It is interesting to note that environmental stresses 
affect the root absorption activity through the demand of the 
shoot, high demand by low light intensity in the present study 
and low demand by low solution temperature in the study of 
Cumbus and Nye(1982). It is appreciated that the specific 
functions of shoot and root are closely related to the 
physiological conditions of the opposite organ, but it may be 
an over-simplification to suggest that the weight of an organ 
controls the specific functions in the opposite organ, which 
is the basic concept contained in equations 4.4 and 4.6. 
Walker and Ho(1977) showed that the concentration of sucrose 
in the tomato fruit determines the rate and direction of 
translocation of carbon assimilates, implying that the 
response of source activity may be specifically met by sink 
demand. Results obtained by Lee(1982) confirm this view. He 
showed that barley plants grown under a short supply of 
phosphorus, sulphur, chlorine and nitrogen absorbed these 
nutrients rapidly and was ion-specific when these nutrients 
were supplied in the solution. However, even though the use 
of weight of the opposite organ controlling the sink demand in 
the present studies is not specific terms, such as relative 
growth rate of shoot(Pitman, 1972) and the concentration of 
sucrose in the tomato fruit(Walker and Ho, 1977), it may 
represent the basis of inter-dependence of shoot and root by 
multiplying the size of opposite organ with specific 
activities. 
As emphasized in the previous Chapter, the inclusion of 
shoot and root morphological terms in equation 3.5 is based on 
empirical observation at this stage, but it contains a 
biologically meaningful concept in a way that Hunt(1975, 1976) 
and Thornley's(1972) equation does not. The biological 
significance of equation 3.5 is in the use of the ratio of 
morphological terms as a description of plant response. 
Therefore, single line relationship obtained from area or 
number terms that has been the basis of morphological 
inter-relationship between shoot and root(Figs. 3.63-3.68) is 
not to be cancelled out from the equation 3.5. The proposal 
put forward was that that root length is more closely related 
to leaf number than leaf area in certain environments. The 
.I. '"t I 
inclusion of morphological terms in equation 3.5 implies an 
integrated response of plants as shown in equation 4.3. The 
pOint is that if an equilibrium exists as represented by 
equation 3.5, then the following equation may be derived, 
plant wt. x (root no./root length) a "k" x (leaf no./leaf 
area) 
This form of equation resembles equation 4.3 in the sense that 
total activities of shoot and root are related to the 
morphology of the opposite organ. This 
reason why equation 3.5 represented 
relationship between shoot and root than 
3 • 3 • 
may have 
a better 
equations 
been the 
functional 
3.2 and 
The fact that plants grown in the low-calcium treatment 
did not show deficiency 
satisfactorily equations 
relationship with respect 
symptoms and that none of the 
established an equilibrium 
to calcium uptake when different 
levels of calcium were applied requires some explanation. In 
view of the result obtained by Bengtsson and Jensen(1982), who 
showed that cucumber plants grown within the range of 
O.3mM-2.0mM of calcium showed no difference in growth, the 
O.3mM concentration used in the low-calcium treatment in the 
present study may have been sufficient for normal growth. In 
addition, it is well known that the nutrient requirements for 
shoot growth in flowing solution culture are much lower than 
static conventional growing systems. For example, Loneragan 
et al(1968) found that some legumes and herbs grew much better 
at low concentration of calcium(2.5 and lOuM) than many 
Gramineae, which contradicted results obtained in standard 
nutrient culture techniques. The fact that the calcium 
concentration in shoots remained constant while yield 
increased substantially led Loneragan and Snowball(1969a) to 
propose the term "functional nutrient requirement ll and 
indicated that the minimal functional requirement of the shoot 
for calcium is low when flowing culture techniques were used. 
It is probable that rates of depletion of essential elements 
in conventional solution culture may be rapid, as Asner(1978) 
pointed out, whereas, in a continuously flowing solution 
culture systems, the depletion of elements is minimized. 
Loneragan and Snowball(1969b) concluded that rates of calcium 
absorption by legumes 
enabled those species to 
for calcium when they 
culture. If this is the 
148 
and herbs were high and this fact 
offset their high tissue requirements 
were grown in the flowing solution 
case with cucumber plant it is 
probable that the continuous supply of a low concentration of 
calcium may meet the functional requirement of shoot, and not 
limit the growth of shoot. In this case, the dry weight 
production used in representing the functional equilibrium 
relationship as in equation 3.2 would not be expected to show 
a linear relationship since these equations imply that the 
growth of a plant is the function of ion concentration of root 
medium due to the assumption that nutrient uptake is the 
function of available root mass. Clarkson(1979) argued that 
the shoot controls the absorption of calcium because of the 
fact that the shoots under environmental stress develop 
calcium deficiency symptoms quickly, regardless of calcium 
status of the root medium. This suggests that the uptake of 
any elements may be closely related to the demand of the 
shoot. The form of equations 3.1 and 3.2 can not explain such 
an integrated physiological response because the specific 
absorpti~n rate in the equation, which is the amount of 
element taken up per root weight per unit time, simply implies 
that the absorption of element is the function of root weight 
and external concentration of root medium. As discussed in 
Chapter 3, the absorption activity of the root was markedly 
increased when the shoot was under stress (Fig. 3.40), and 
this clearly demonstrated the integrated response of plants, 
emphasizing the importance of physiological demand of shoot. 
Pitman(1972) derived the empirical equation, 
Uptake = function(concentration, growth) 
the point being that the uptake of elements not only depends 
on the external concentration but also growth of plant, the 
concept which is the basis of equation 4.3. Clarkson(1982) 
questioned the view that the transport system in the plant has 
a constant affinity for specific ions on the basis that the 
physiological demand for specific ions may far exceed that 
maximum capacity. 
1'+:1 
The observations that plants grown using Nutrient Film 
Technique(Cooper, 1975) grow well at less than the optimal 
nutrient range of static solution culture(Winsor, 1978) is in 
agreement with Loneragan and Snowball 's(1969b) work despite 
the different ions studied. Nitrogen levels required in the 
flowing solution cult~re are also low. Clement et al (1978) 
found that maximum yield of ryegrass in flow solution culture 
was obtained at 1400uM N0 3 , but surprisingly yields measured in terms of total plant dry weight were reduced to only 90% 
and 70% of the maximum at concentration of 14uM and 1.4uM N0 3 , 
respectively. The nitrogen concentration of approximately 
4mg/litre used in Expt. 6 was considerably less than that of 
Winsor ' s(1978) work, who showed that plants grown in 
circulating nutrient solution showed little difference in 
growth over a wide range of nitrogen levels from 
10-320mg/litre. Cooper and Thornley(1976) made no distinction 
on the validity of using equation 3.3 even though the tomato they 
examined were grown in NFT system. These plants have a high 
proportion of stem in the shoot weight similar to cucumber, 
and the plants were grown in different solution temperatures. 
As shown in the Figs. 3.5-3.8 and 3.14 , there existed a good 
linear relationship with equation 3.3 when cucumber plants 
were treated with different solution temperatures while other 
treatments such as different ionic strengths and light 
intensities showed Significantly graded lines(Figs. ·3.17, 
3.20, 3.26, and 3~29). Hunt and Burnett(1973) showed that 
there exists a tolerable relationship between root/shoot ratio 
and the l/activity ratio under the different light levels when 
perennial ryegrass was grown in the soil, not the flowing 
solution culture system. The present experiment also showed a 
tolerable relationship despite the different technique of the 
growing plants, while other stresses such as low solution 
temperature, and low levels of nitrogen and calcium did not 
show a good relationship. It is suggested, therefore, that 
the different techniques of growing plants need to be 
carefully defined when discussing the existence of functional 
equilibrium equations concerning shoot and root activities. 
l~U 
In conclusion, the experimental results shown in this 
Chapter concerning dry weight partitioning and in the previous 
Chapter concerning the response of specific activities of 
shoot and root, indicate that equation 4.3 represents a better 
relationship between shoot and root in discussing functional 
equilibrium. Equation 3.5 incorporates the morphological 
arrangement of shoot and root and the possible effects of 
their morphological arrangement on functions with the 
exception of calcium uptake better than any other equations 
tested. The fact that none of the equations used in the 
Chapters 3 and 4 satisfactorily established a relationship for 
uptake may be due to the low-calcium requirement of the shoot 
when plants were grown in flowing solution culture. 
CHAPTER 5 
AGRONOMIC IMPLICATIONS 
One of the main 
system of growing 
physical characteristics of the 
plants is the shallow depth of 
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NFT 
the 
circulating nutrient solution. 
in conventional hydroponics the 
immersed in the solution becomes 
Unlike plants grown in soil or 
proportion of the root system 
progressively smaller with 
time, and conversely a higher proportion becomes exposed to 
the air. This characteristic of plants grown in NFT would be 
expected to be accentuated where the physical dimensions of 
the troughs and the growth of competing plants confines the 
volumes of solution available to each plant grown in the 
system. It would be expected therefore that the depth of 
solution would affect the proportion of the root system 
directly involved in the absorption of water and mineral ions. 
One of the objectives of the series of experiments 
reported in this thesis was to investigate the effect of 
solution depth on the growth of cucumber plant grown in a 
circulating nutrient solution in which solution depth could be 
controlled more precisely than the commercial system developed 
by Cooper(1975). 
The cucumber plant used in the present experiments was 
ideal for this type ~f study as the growth rate of the shoot 
and root was high; 5m of leaf area, 10km of root length and 
a total plant dry weight of 400g was achieved in two months. 
Therefore the depth effects on plant growth could be 
established rapidly. In addition Graves(1983) suggested that 
some of the difficulties experienced in growing cucumber in 
NFT might be due to its fast growth rate. However the 
literature does not reveal any work which attempts to examine 
the effects of solution depth or how it might contribute to 
the poor performances of cucumber under this system. 
Experiments 1, 3 and 4 were particularly concerned with 
solution depth and its interaction with solution temperature 
and nutrient status. The solutions were diluted rather than 
being preferentially deficient in a particular element to 
simulate t.he variation associated with periodic nutrient 
solution adjustments that might be expected i n NFL 
Temperature treatment such as 12.5'C(Expt. 3 , Table 3. 1 ) and 
5 and 2% f u 1 1 strength solution(Expt. 4 ) substantially 
reduced root growth in absolute terms. Hence the response of 
the plant to different solution depths under these treatments 
was not as clear' as at higher temperature and nutrient 
concentrations where the rates of plant growth were faster and 
roots occupied the available solution volume more rapidly. 
Results from Expt. 1 show that shoot growth of the 
cucumber plants decreased progressively with solution depths 
less than 50mm(Fig. 3.42) even though they did not show any 
visible signs of nutrient or water deficiency. The reduced 
shoot dry weight was accompanied by an increase in root dry 
weight(Fig. 3.42) and root number per centimeter of root 
length(Fig. 3.47). The overall growth of plants grown in the 
50mm(Fig. 3.42) depth however was only slightly less than the 
170mm depth treatment for the first 21 days of treatment 
during which time the root systems were fully submerged and 
had not fully exploited the solution space available in the 
container. The marked reduction of shoot growth resulting 
from solution depths less than 50mm suggests that the normal 
shallow depths of solution used in the NFT system may not be 
sufficient to maintain maximum shoot growth rates of cucumber 
plants. There are several possible reasons for the reduced 
shoot growth. A large part of the root system in the shallow 
solutions was above the nutrient solution and did not 
participate in the absorption of nutrients and water, implying 
that better cucumber plant growth is achieved when more of the 
root system is submerged in the solution. However the fact 
that the growth of the plant was only marginally improved by 
increasing the depth from 50mm to 170mm indicates that 
complete submergence may not be necessary. If it is assumed 
that when the root system of the plant fully occupies the 
solution volume available to it all the roots in the solution 
are oriented vertically the results would indicate that the 
effective part of the root is within 50mm of the root tip. 
Solution depths less than 50mm would therefore not allow the 
plant to completely utilize the potentially most active part 
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of the root system although dry weight resources of the plant 
were committed to the root at the expense of shoot growth. 
While authors such as Winsor and Massey(1978) attribute the 
failure of cucumber plants in NFT to disease it is highly 
likely that the difficulties of growing cucumber plants in 
this system may in part be due to the shallow solutions used. 
The results obtained in the present experiments support 
Cooper's(1979) proposal that the exposed roots do have a 
function other than mineral and water uptake(see Appendix 3). 
He proposed that this function was involved in oxygen 
absorption. While it is well known that oxygen availability 
affects plant growth, there is ample evidence to suggest that 
the root controls shoot growth through hormones produced in 
the root tips(Chibnall, 1954; Phillips, 1964; Went, 1943). 
McDavid et al(1973) showed that the application of 
6-benzylaminopurine to the shoot of peas(fisum sativum L.) 
compensated for root removal and suggested that the supply of 
cytokinins from the root may affect leaf function by 
maintaining the photosynthetic activity of the leaves. In the 
present study, chlorosis of the leaves of plants grown in low 
solution temperature recovered when 
above the solution(see Appendix 3) 
Went(1943) and McDavid et a1(1973). 
some roots were grown 
supporting the findings of 
The data from Expts. 2 and 3 showed that the critical 
plants exhibited 
20'C(Appendix 3 
root temperature below which cucumber 
abnormal leaf chlorosis lies between 15 and 
and Table 3.1). This agrees with the recommendation that 
cucumber plants should not be grown with their roots below 
l8'C under glasshouse condition (Calvert, 1956; Cooper, 
1973). 
A number of 
effect of low 
a 1 (1970), 0 s mo n d 
attributed the 
suggestions have been proposed to explain the 
root temperature on plant growth. Power et 
and Raper(1981) and Davis and Lingle(1961) 
slow initial growth rate of the shoot at low 
soil temperature to reduced 
to the shoot rather than 
Atkin et al(1973) suggested 
altered the balance of 
nutrient translocation from root 
a reduced rate of nutrient uptake. 
that low solution temperatures 
growth promoters and inhibitors 
exported from the root. 
temperature markedly 
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The present study showed that the low 
reduced root length extension and 
increased the relative number of root initials(Fig. 3.48). 
This is in agreement with the conclusions of Cumbus and 
Nye(1982) who showed that the slow growth rate of rape was not 
associated with a shortage of nitrogen in the shoots but with 
the root morphology and carbohydrate availability to the root 
meristems. 
~Low solution temperature influenced the shoot morphology 
by producing plants with few leaves and small individual leaf 
areas. However the production of new leaves was relatively 
less affected than leaf area as discussed in Chapter 3. This 
supports the suggestion by Richards and Rowe(1977a, 1977b) and 
Chung et al (1982) that a close relationship exists between 
root length and leaf area, and root number and leaf number. 
The relationship between root number and leaf number may be 
mediated through hormone synthesis in the root tip(Atkin et 
al, 1973; Barlass and Skene, 1980; Skene, 1975) influencing 
the differentiation of new leaves in the shoot. Whatever the 
reason the fact that low temperature restricts root length 
extension would certainly limit the plants ability to exploit 
the nutrient and water resources of the root medium 
particularly if the plants were grown in soil. It is also 
suggested that the presence of aerial roots, if they are 
growing at a more favourable temperature than those which are 
submerged may partially overcome some of the detrimental 
effect of low solution temperatures by maintaining the 
photosynthetic activity of those leaves(Appendix 3) which are 
produced and provide an 
the importance of the 
in the NFT system than 
Cooper(l979) • 
alternative hormonal explanation for 
above solution part of the root system 
oxygen absorption as suggested by 
The plant response o,btained from experiments 4,5 and 6 
indicates that nutrient levels in the solution influence the 
allocation of dry weight(Figs. 3.44-3.46) and morphology of 
the root system(Figs. 3.49 and 3.50). At low strength of 
nutrient solution the shoot/root ratio decreased and the root 
system becomes more elongated and relatively less branched. 
The fact that solutions where only the nitrogen concentration 
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was reduced produced a 
solution is diluted(Fig. 
similar effect as when the total 
3.44-3.46) indicates that it is the 
nitrogen level which has the major effect. These results 
agree with the work of Hegarty(1973) who showed that Sitka 
spruce[£._ic_~~ ~i!£h._~!!~.!~ (Bong) Carriere] seedlings had a much 
lower shoot/root ratio and higher absorbing surface area 
ratio(root length/leaf area) in dilute solution than in 
control solutions. This type of growth of the root system 
where nitrogen deficiency stimulates the exploratory form of 
the root has also been reported for tomato(Winsor and Massey, 
1978) and for orchard and bromegrass(Bromus inermis Leyss.) 
(Oswalt et al, 1959). In the present study calcium deficiency 
did not 
Bengtsson 
shoot/root 
produce a stimulatory response in the root although 
and Jensen(1982) in their work showed that 
ratio of cucumber was the lowest when the calcium 
concentration was as low as O.lmM. The results did not show 
however that levels of nutrients stimulated branching of the 
root system similarly to the 1I1 0ca lized stimulatory growth ll as 
reported by Drew(1975) and Hackett(1972) for cereal and Coutts 
and Philipson(1976) for trees while the lack of nitrogen 
induced IItotal stimulatory growth ll • From this it could be 
concluded that the root system when confronted with a 
localized abundance of nutrients takes on an exploitive form 
by becoming more branched and an elongated less branched 
explorative form when nitrogen is deficient. Although not 
examined in the present series of experiments other authors 
have indicated that phosphorus deficiency might also show a 
similar response(Drew, 1975; Hackett, 1972) whereas iron 
stress causes increases in lateral root formation in sunflower 
(Rdmheld and Marschner; 1981a, 1981b) and in tomato(Brown and 
Ambler, 1974). Drew(1976) pointed out that plants are able to 
explore the soil only when it is not starved of nutrients. He 
makes a subtle distinction between starvation and deficiency. 
As the nitrogen level in the experiments 4, 5 and 6 was 
4mg/litre it seems that the plant as a whole was nitrogen 
deficient rather than starved, at least during the early 
stages of growth. As shown by Oswalt et al (1959) with grasses 
nitrogen deficiency may stimulate the root to grow deeper than 
in a nitrogen rich environment. This may be a useful 
adaptation mechanism in cucumber plant survival and may be 
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exploited agronomically where it is desirable to encourage 
deeper root growth to tap a more reliable source of soil 
moisture at depth in periods of short term drought. 
The data from experiments where cucumber plants were 
subjected to varirrus levels of nutrient concentration and 
light intensities simultaneously(Expt. 5) produced an 
interesting insight into the competitive dominance of 
different environmental stresses in the adaptive strategies 
adopted by cucumber plants. Considering the major reduction 
in total plant growth resulting from 50% full light 
treatments, it was surprising to observe that the partitioning 
of dry weight between the shoot and root was still dominated 
by the ionic strength of the solution. It can be implied that 
the effect of low light intensity on the leaf area of cucumber 
plant was mediated through the root. Lowering the light intensity 
to 10% of full light caused plants to become taller, less 
branched and leaves were thinner compared to higher light 
intensity treated plants. These results agree with the 
findings of Causton and Venus(1981). The proportion of leaf 
area to the whole plant growth(leaf area ratio) in low light 
was greater than in high light intensity treatments. It would 
appear that a shift of the plant to a low light morphological 
form only occurs fully when the light intensity is extremely 
low. Not only is the shoot morphology affected when that 
point is reached but root morpho1ogy(Fig. 3.49) and root 
absorption activity(SAR, Fig. 3.40) also change. It was 
noted that the leaf colour of the plants grown in 10% full 
light was much greener than in full light treatment even when 
plants were grown in 5% full strength nutrient solution. 
Analysis of K, Ca and N in the leaves showed a comparable 
percentage to that achieved in full strength nutrient 
solution. Lowering light intensities to 10% full light 
intensity caused the root number/root length ratio to be 
higher than other treatments(Fig. 3.49). The response of 
cucumber plants to low intensity involves two adaptive 
strategies. The first involves a change in the structural 
morphology of the shoot and root and secondly an enhancement 
of the photosynthetic efficiency of the leaves and the 
absorption of the root. It is possible that the latter is a 
1 ~ I 
function of the former. The clear cut influence of light is 
somewhat confused when the light intensity is only moderately 
reduced and as shown in 50% full light treatments a strong 
interaction of light intensity and nutritional levels in the 
solution exist. It could be speculated that under poor light 
conditions which often occur in winter that high nutrient 
levels are essential if the maximum shoot growth is to be 
achieved under the prevailing light levels available. This 
may explain the observations made by some workers that the 
uptake of nutrients is closely related to the aerial 
environments(Adams, 1981; Adams and Winsor, 1979; Adams and 
Grimmett, 1981) and it is suggested that the different 
nutrient concentrations may be required to successfully grow 
plants in NFT during the winter and summer. 
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CONCLUSIONS 
The series of experiments reported in this thesis were 
primarily concerned with the dry weight partitioning and 
morphological adaptation of cucumber roots influenced by 
various environmental stresses and its consequences on the 
shoot morphology. All the data were utilized to determine 
whether the functional equilibrium equations proposed by 
Davidson{1969a, 1969b), Hunt{1975, 1976) and Thornley(1972) 
adequately represented the plant behaviour under a wide range 
of environmental stresses. 
The following are the major conclusions drawn from the 
studies. 
1. The root system responded to different environmental 
stresses in different ways. Lowering solution temperature 
enhanced the production of root number relative to root length 
whereas lowering ionic strength and nitrogen levels of the 
solution favoured the preferential growth of root length. 
While the increase in the number or length of roots may be 
associated with the increase in root weight, the importance of 
morphological changes of root system can not be overlooked. 
It is argued that morphological adaptation of roots is more 
important in root function than root mass alone. 
2. The close coordination between shoot and root was 
revealed in morphological terms such as root length and leaf 
area, and root number and leaf number. The extension of root 
} 
length was achieved at the expense of leaf area growth when 
low ionic strength or low-nitrogen levels in the solution were 
applied. Lowering solution temperature enhanced the 
production of root number and this was revealed in the 
uninterrupted production of leaf number in the shoot. 
Shoot/root mass ratio used conventionally to. represent the 
relationship between shoot and root does not describe this 
relationship adequately and oversimplifies the adaptive 
strategies available to plants to overcome environmental 
stress. 
3. Equation 3.2 assumes that the entire shoot and 
participate in their specific activities(USR and SAR). 
present studies showed that the presence of stem can 
significant factqr in the adaptation of the plants. 
proportion of dry weight allocated to the stem and leaf 
different depending on the stress applied and 
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root 
The 
be a 
The 
was 
was 
complementary. Hence it is suggested that the use of equation 
3.2 with stemmy plants may be justifiable only in some 
situations such as when nutrient stress is applied. 
4. The fundamental limitation of equation 3.2 appears to 
lie in the use of weight terms as determinations of the 
functional size of shoot and root. Sensitive morphological 
changes in response to environmental stresses are ignored in 
this equation. In addition, the concept of plant demand which 
is a "driving force" at the root surface is not considered in 
the equation 3.2. The present studies revealed that the 
specific activities of shoot and root were closely related to 
the physiological conditions of the opposite organ. For 
example, SAR of root was markedly increased when shoot was 
under light stress and the USR was also increased in response 
to nitrogen stress. The empirical equations used in Chapter 
4, which included the demand concept did not improve the 
relationships mathematically but are as acceptable as those 
which were based on the concept that activity of an organ was 
solely a product of its mass, as in equation 3.2. 
5. Although equation 3.5 is empirical, it does include 
the demand concept and morphological terms and as such 
represented a wider range of plant adaptation strategies to 
overcome various shoot and root stresses. The noticeable 
exception is calcium stress. Clarkson(1979) suggested that 
calcium absorption is a function of the demand in the shoot. 
Further work is required to understand the nature of this 
demand as it appears to be independent of morphological 
changes which occur in the plant. 
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Appendix 3: Plants grown in low solution 
temperature with (left) and without 
(right) aerial roots on the stem 
below the cotyledons. Note the 
differences in leaf colour. 
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Appendix 6 
Relationship between Shoot and Roots of 
Cucumber Plants under Nutritional Stress 
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lao 
Richards and Rowe (1977 a, b) showed that a relationship exists between the morphological 
characteristics of plant roots and shoots and suggested that they should be taken into 
account when considering the functional relationships of roots and shoots as they relate 
to total plant growth. They showed that under the particular nutritional conditions of 
their experiment root length and leaf area were related and linked in some way through 
their common involvement in water and nutrient uptake. Root number and leaf number 
were also related through their common involvement in differentiation processes. 
Thornley (1977) in discussing the empirically derived functional equilibrium equation 
proposed by Hunt (1975) suggested the equation: 
fm = !J..Af !J..W (I) 
as a simpler and more correct form of the relationship between plant mass and nutrient 
uptake provided certain assumptions were made. !J.. Wand !J..M are the increments of total 
plant dry weight and total weight of an element(s) taken up respectively in unit time. 
The experiment described in this present paper was designed to establish empirically 
whether the inclusion of morphological parameters of root and shoot growth in the 
equation proposed by Thornley could satisfactorily describe the performance of plants 
over time with their roots growing in a wide range of nutrient solution concentrations, 
depths and volumes. 
Cucumber (C'llClll11is sativlIs L.) seedlings were grown in a continuous circulating flow 
system for 9 weeks in full strength, 5 or 2 per cent dilutions of Cooper's solution (Cooper, 
1975). Solution depths and volumes respectively of I mm (19·6 em:!), 5 cm (980 cm:!) and 
5 cm (19·6 cm:!) were controlled by container size and adjustable stainless steel mesh trays. 
Solutions were changed regularly to maintain nutrient concentrations as near to 
treatment specifications as possible and water losses were replaced by an automatic 
metering system. Plants were harvested three times throughout the experiment at regular 
intervals of 3 weeks. Plant dry weight. root number and length and leaf number and 
area were measured and tissue analysed for calcium and potassium content. All female 
flowers were removed as they appeared. 
Plotting all the data in the manner suggested by Thornley [Eqn (I), Fig. I (al]. 
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FIG. l. The functional equilibrium relationships obtained from (a) Eqn (I), (b) Eqn (2) and its com-
ponents (c), (d). Each value is the mean of four replicates and there are 27 values for each figure. To 
improve clarity only non-overlapping mean values are plotted. (a) Full strength y = 12·71x+3·34, 
r = 99-4; low strength y = 28-46 x-l·78, r = 90·7. (b) y = 0·092x-0·026, r = 97·5. (c) y = 0'70 
x+ 15·5, r = 96·0. (d) Full strength y = 5·27 x+340'8, r = 98·4; low strength y ~ 1·98 x+382-4, 
r = 95-4. 
indicates that the data are best described by two regression lines (the initial values of 
Wand M have been put equal to zero). In the diluted solutions, the slope of the line 
is greater than in full strength solution, showing that the Jill in Eqn (I) is not constant 
over the range of nutrient dilutions used in this experiment. The plot of leaf number 
against root number produced a single regression line [Fig. I(c)]. Leafarea plotted against 
root length produced two regression lines [Fig. I (d)] with the slope for the dilute solutions 
being less than that for the full strength. 
Over the range of plant size where comparisons can be made, it appears that the 
cucumber adapts to nutritional stress by increasing root length relative to its leaf area 
and decreases its calcium and potassium uptake relative to its total dry weight. Total 
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root length increases by increasing the lengths of individual roots with no increase in 
root number. 
The leaf area/root length relationship is consistent with the observation that in the 
dilute solutions the plants allocated a greater proportion of their overall total dry weight 
to the root than in full strength solution, even though total plant weight was smaller. 
It could be speculated that dry weight allocation was directed to maintaining root length 
at the expense of individual leaf area expansion, 
When the data were plotted according to the emperically derived equation: 
total dry weight of plant total weight of element' M' 
leaf number x leaf area-- l oc root number x root length 1 (2) 
a single linear regression line describes the relationship [Fig. I (b)] and indicates that such 
an Eqn, at least with cucumber over a wide range of nutrient concentrations, gives a 
better description of plant growth than the Thornley or Hunt equations alone, The 
different solution depths and volumes within one nutritional treatment did not alter the 
regression line despite the fact that in some treatments a significant proportion of the 
total root system was exposed to the air. 
Further work is in progress to establish whether this equation describes plant growth 
adequately under-other forms of stress. 
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